Scholars' Mine
Doctoral Dissertations

Student Theses and Dissertations

Fall 2021

Investigating the focusing effect of charge geometry with
computer simulations, witness plates, and high-speed
videography
Kelly Ray Williams

Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations
Part of the Explosives Engineering Commons

Department: Mining Engineering
Recommended Citation
Williams, Kelly Ray, "Investigating the focusing effect of charge geometry with computer simulations,
witness plates, and high-speed videography" (2021). Doctoral Dissertations. 3068.
https://scholarsmine.mst.edu/doctoral_dissertations/3068

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.

INVESTIGATING THE FOCUSING EFFECT OF CHARGE GEOMETRY WITH
COMPUTER SIMULATIONS, WITNESS PLATES, AND HIGH-SPEED
VIDEOGRAPHY
by
KELLY RAY WILLIAMS
A DISSERTATION
Presented to the Graduate Faculty of the
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY
In Partial Fulfillment of the Requirements for the Degree
DOCTOR OF PHILOSOPHY
in
EXPLOSIVES ENGINEERING
2021
Approved by:
Catherine Johnson, Advisor
Paul Worsey
Kyle Perry
Kwame Awuah-Offei
Gayla Olbricht

 2021
Kelly Ray Williams
All Rights Reserved

iii
PUBLICATION DISSERTATION OPTION
This dissertation consists of the following three articles, formatted in the style used
by the Missouri University of Science and Technology:
Paper I, found on pages 18-35, has been published in the Journal of Pyrotechnics,
Explosives, and Propellants in Volume 4 in 2021.
Paper II, found on pages 36-64, is in publication in the Journal of Applied Physics.
Paper III, found on pages 65-91, is intended for submission to Shock Waves
Journal.

iv
ABSTRACT
Scaled distance is used to calculate a safe standoff radius from the detonation of a
known mass of an explosive. It has been shown that varying only the geometry of the
charge significantly overdrives regions of the blast wave potentially resulting in hazardous
overpressure levels at scaled distance safe radii. Pressure transducers are used to measure
overpressure surrounding spherical, cylindrical, and cubic charges to determine if bridge
waves were formed at the edges between flat sides as seen in published studies of
cylindrical charges. In the fireball field a witness plate is used to evaluate radial energy
distribution with a novel modification to the plate dent test. In the near field blast wave
overpressure is measured utilizing a novel optical time of arrival method to measure blast
wave overpressure. The empirical investigations are supported with 2-dimensional
computer simulations of a circle, triangle, rectangle, and star of equal dimensions to those
used in the empirical testing. In the near field the overpressure from primary waves normal
to the flat sides of the triangle and rectangle produced an overpressure up to 3.5 times that
of the circle. For the star the significant overdriving observed in the fireball field is not
seen in the near field where the blast wave resembles that of the cylinder. These two results
indicate that pressures within the fireball and near fields can be significantly increased
without increasing charge mass. An added benefit to breachers and researchers appears to
be that when the overdriven blast wave has reached K-18 distances in the far field the
pressures may have decayed below the damage thresholds used to determine K-18 safe
standoff distances, but further studies are necessary to validate this observation.
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SECTION
1. INTRODUCTION
This section provides background information, statement of problem, objectives,
and scope of this study. This section also provides an overview of the layout of the
dissertations and the contributions to science made by this work.
1.1. BACKGROUND
When working with explosives for research or breaching applications, it is
sometimes necessary to place instrumentation and personnel close enough to the detonation
that the possibility of damage from the fireball of detonation products or the ensuing blast
wave overpressure must be considered. A common tool used to predict blast wave
overpressure is scaled distance (Z) which has the units of cm/g 1/3 and is calculated by
dividing the radial distance from the charge by the cube root of the mass of explosive [13]. The scaled distance relationship has been validated empirically for charge sizes ranging
from grams to tons [4].
K factor has become a popular method to determine safe standoff distances for
equipment and personnel in breaching applications and assumes that the peak overpressure
at the blast wave front is isotropic and uses data from spherical charges to scale safe
standoff distances. The desired K factor value is multiplied by the cube root of the mass of
the charge to give a safe standoff radius. In order for overpressure scaling to be applied to
non-spherical charges the geometry of the charge must also be maintained for the scaling
estimate to be accurate. For cylindrical charges Wisotski measured up to a 50% increase in
the distance from the charge at which the blast wave overpressure fell below the eardrum
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rupture threshold of 15 psi (105 ) relative to a sphere of the same mass [5]. If this trend
continues out to K-18 then the damage threshold pressure assigned to K-18 from spherical
charge data may be exceeded.
Wisotski and others divide the blast wave surrounding the cylindrical charges into
primary waves that originate at the sides of the charge and bridge waves that form
downstream from the corners of the charge resulting from the interaction of primary waves
from adjacent sides [5-8]. The pressure of the bridge waves behaves similar to that of a
spherical charge, but the primary waves are significantly overdriven in the near field [917]. Beyond these two observations little is published about non-spherical charges and is
limited to testing cylinders. The mechanisms responsible for the anisotropic pressure
distribution surrounding non-spherical charges are not well defined. Literature indicates
that overdriving begins at the explosive air boundary where the explosively generated
shock wave transitions from a detonation wave inside the explosive to a blast wave in the
surrounding air [5, 7, 13].
This study uses computer simulations and two novel experimental techniques to
investigate anisotropy in blast wave energy distribution. The analysis is both at the
explosive air boundary and in the near field between 1.5 and 2.0 meters. The goal is to
investigate the magnitude of blast wave overdriving resulting from altering the cylindrical
charges cross sectional shape from circular to prismatic charges with cross sections of a
triangle, rectangle, and 5-point star. It is hypothesized that overdriven blast wave products
originate from the first breakout location for each geometry and are caused by regions of
reaction products and detonation reactions occurring simultaneously in close proximity.
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This results in a reaction zone jet of high pressure that is hypothesized to propagate from
breakout into the near field and produce anisotropic blast wave product expansion.
1.2. OBJECTIVES
The objective of this Ph.D. research is to examine the propagation of an explosively
generated shock wave at the explosive air boundary and how it propagates into the near
field for non-spherical geometries. Specifically this series of tests is designed to:
1. Determine if significant anisotropy in blast wave overpressure for charge
geometries beyond cylindrical exists and identify limitations with instrumentation
methods to quantify measurements.
2. Use computer simulation and a new interpretation of a plate dent test to investigate
the distribution of energy and the initial momentum of the blast wave at the
explosive air boundary where the explosively generated shock wave transitions
from detonation wave inside the explosive charge to a blast wave in the open air.
These methods will be used to investigate reaction zone jetting as the driver for
anisotropy in blast wave radius and peak overpressure.
3. Develop and implement a method using modern high speed video cameras to
measure blast wave overpressure between 1.5-2.0 meters surrounding cylindrical
and prismatic charges to evaluate the effect reaction zone jetting has on the resulting
blast wave after it separates from the fireball of detonation products.
1.3. CONTRIBUTION TO SCIENCE
This research explores in detail the transition of the explosively generated shock
wave as it transitions from a detonation wave inside the explosive to blast wave in the open
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air surrounding the charge to better quantify blast wave overdriving resulting from altering
charge geometry and investigate possible mechanisms driving blast wave propagation.
specifically this research:


Developed a novel method for evaluating the energy distribution in the
radial plane of cylindrical and prismatic charges using a modification of the
Plate Dent Test (Paper II).



Introduced reaction zone jetting as a driver for anisotropy in blast wave
overpressure during breakout (Paper II).



Developed a novel method to measure blast wave overpressure from high
speed images eliminating the disturbance to the blast wave caused by the
presence of pressure transducers and mounting fixtures (Paper III).



Used charge geometry to overdrive a primary blast wave to 3.5 x that of a
cylinder with the same mass (Paper III).

1.4. LAYOUT OF DISSERTATION
This dissertation contains four sections, the first of which is the introduction. The
remaining dissertation is structured as follows. Section 2 presents a comprehensive
literature review of significant research on detonation focusing on blast wave overdriving
resulting from varying charge geometries. Following the literature review are three papers
that make up the body of this publication-based dissertation and labeled Paper I, II, and III.
Paper I presents a published study on the detonation of spheres, cylinders, and cubes
instrumented with pressure transducers. Paper II demonstrates a novel interpretation of a
series of modified plate dent tests and computer simulations to evaluate radial energy
distribution for prismatic charges at the explosive air boundary in the fireball field. Paper
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III investigates blast wave overdriving in the near field with a novel optical TOA method
to measure blast wave overpressure. The optical TOA method is validated with pressure
transducers then used to measure blast wave overpressure in the near field of the axial plane
surrounding cylindrical and prismatic charges. Section 3 summarizes the conclusions from
Papers I, II, and III for future work.

6
2. LITERATURE REVIEW
This literature review begins with the discovery and refinement of black powder
and moves on to modern high explosives and the CJ and ZND theories of detonation. The
next section covers blast waves in air and discusses methods used by Wisotski, Plooster,
Stoner, and others who recorded and evaluated pressure data surrounding cylindrical
charges relative to spherical charges. The final section investigates the boundary
interaction at the explosive-air boundary where the shock wave transitions from a
detonation wave inside the explosive into a blast wave in the surrounding air. Literature
review directly related to the objectives and published papers can be found in future
chapters.
2.1. EXPLOSIVES USE IN INDUSTRY
As early as 1300 black powder is believed to have been used by humans across
Eurasia. Its use spread quickly because black powder burns violently at velocities
approaching the speed of sound in the powder (deflagration). Black powder is a mixture of
finely crushed charcoal and sulfur that provide fuel and sodium nitrate that provides oxygen
when its molecular structure is broken by the heat of deflagration [18]. Black powder
remains an effective energetic material for propelling and bursting fireworks and as
propellant for antique style firearms. When properly confined, black powder performs
adequately in munitions, and mining applications, but its relative high sensitivity to heat
and friction make its use in industry problematic.
In 1867 Alfred Nobel patented the process to desensitize nitro glycerin by its
sorption into a matrix of diatomaceous earth from a dangerously sensitive energetic
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material into the secondary explosive mixture of dynamite. The advent of dynamite marked
a significant advancement in explosive safety and power [1]. Dynamite has a low
sensitivity to heat and shock relative to black powder leading to fewer mining accidents.
The power density of dynamite was higher because the black powder mixture of fuel and
oxidizing powders is replaced by an explosive molecule that contains both a fuel and
oxygen bound together in a large, relatively fragile molecular structure. Solid secondary
explosives commonly consist of varying ratios of Carbon (C), Hydrogen (H), Nitrogen (N),
and Oxygen (O) [1]. Because the molecular structure of a secondary explosive can be
broken by shock compression the velocity of the reaction can be driven beyond the speed
of sound in the shock wave driven reaction known as detonation. For an oxygen balanced
CHNO explosive the detonation products are N 2, H20, and CO2.
Decreasing the available oxygen leads to the production of CO, and ultimately nano
sized particles of condensed C, the study of which is beyond the scope of this investigation.
Adding fuel such as aluminum has been shown to increase fireball size resulting in higher
blast wave damage in the near field, but explosive chemistry is one of the variables that is
kept constant in the evolving design of experiments described in this manuscript.
Trinitrotoluene (TNT) was widely used in munitions in the second world war and
while it is not an especially powerful explosive in its pure form, its melting point around
80 degrees Celsius make it an excellent matrix for melt casting explosive charges [19, 20].
The TNT matrix can be augmented with the addition higher melting point powders such as
fuels, oxidizers, and explosives to enhance the explosives performance, or other additives
such as silicon for investigating explosive synthesis of nano particles [21, 22]. TNT is the
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energetic material used to compare relative effectiveness of other secondary high
explosives.
A common TNT based explosive is Composition-B (Comp-B) which is comprised
of 60% Royal Demolition Explosive (RDX) and 40% TNT. Because it performs well in
melt cast operations Comp-B is commonly used to fill voids in munition warheads. CompB is also commonly used to cast cylindrical boosters used to provide a high initiation
energy which improves the performance of ammonium nitrate and fuel oil (ANFO), the
most commonly used explosive in the mining industry.
The safety of secondary explosives lies in the fact that a shock wave is required to
achieve detonation [1]. Secondary explosives can burn and potentially deflagrate, but do
not make the transition from deflagration to detonation without the input of a shock wave.
Initiating a shock wave without a detonator containing a small amount of primary explosive
or an exploding bridge wire is difficult at best, and unlikely to occur if minimal safety
protocols are observed. A primary explosive is defined as an explosive that can make the
jump from deflagration to detonation from an initial input stimulus such as heat or friction
[23]. An exploding bridge wire (EBW) consists of a thin gold wire that is vaporized by a
high voltage pulse resulting in the transmission of a shock wave a gram size pressed
cylinder of secondary explosive.
2.2. SHOCK WAVES
A shock wave is a compression wave that exceeds the speed of sound and the yield
strength of the medium of travel [2, 17, 20, 24-27]. The impedance of the medium of travel
and the expansion of the wave front surface area with increasing radius decay the pressure
and velocity of the wave until it crosses the sonic barrier becoming a sound wave [28].
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Shock waves can be formed by propelling a solid object through air in excess of the speed
of sound, the rapid release of pressure vessel, the impact of a supersonic mass, or by the
detonation of explosives[29]. The idealized form of an explosively generated shock wave
is that of a free floating, center point initiated sphere of explosive. The explosively
generated shock wave is point initiated in the center of the charge and radially propagates
from the source until reaches the explosive air boundary. For an ideal sphere the shock
wave reaches the entire surface of the explosive in one timestep and a strong spherical
shock is transmitted into the surrounding air [4, 5, 11, 12, 16, 30, 31]. The timestep required
for the explosively generated shock wave to cross the explosive air boundary is referred to
as breakout and considered instantaneous for the ideal sphere. In experimental size charges
it is difficult to achieve center point initiation, inside of a perfectly spherical, free floating
charge. McNesby published images captured during breakout of a 450 gram (g) spherical
charge of C-4 over a 0.6 microsecond breakout time [32]. Prior to breakout the shock wave
is referred to as a detonation wave and post breakout the shock wave in air is referred to as
a blast wave, both of which are covered in detail in the following sections [1, 2]
A shock wave propagating through a mass of explosive initiating the detonation
process is referred to as a detonation wave [1, 2, 23, 33]. Detonation waves trend towards
a steady state, defined in the Chapman Jouguet (CJ) theory of detonation. In the CJ theory
of detonation the pressure behind the detonation wave front jumps to a peak (CJ) pressure
of the fully reacted detonation products. CJ pressure data has been published for common
CHNO explosives and mixtures [1, 34-38]. CJ pressures have been empirically correlated
to plate dent test dent depths, and scaling curves are available to correlate dent depth of an
unknown explosive to a CJ pressure [39-42].
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The CJ pressure and the initial volume of the explosive charge are used to predict
blast wave overpressure at distance using empirical data to inform the hydro dynamic
modeling [43, 44]. The CJ detonation model of detonation acknowledges that there is a
finite thickness reaction zone behind the detonation wave front, but due to the relatively
small volume of the reaction zone to the volume of CJ state products, the reaction zone is
considered negligible[1, 23] and the thickness is assigned a value of zero.
Jon Von Neumann, Zel’dovich, and Doring proposed that not only does the reaction
zone shown in Figure 2-1 have a finite length but the pressure at the front of the reaction
zone, referred to as the Von Neumann Spike (VNS) pressure, is significantly higher than
the CJ pressure [45, 46]. A physical modality is not presented in literature for the pressure
spike, but published studies estimate its magnitude around 1.4 times the CJ pressure [47].
The reaction zone thickness of a secondary explosive such as Comp-B is on the order of
0.001 m [34, 48, 49]. The detonation wave will continue through the explosive until
reaching a material boundary, or quenching. The decay of the waveform from the CJ state
is described by an equation developed by Taylor [50]. The radius of the fireball at
separation was used by Taylor to calculate the mass of nuclear material with allegedly
alarming accuracy to the Americans who had invited the British scientist to examine high
speed images of a detonation.
At the front of the detonation wave reaction zone explosive molecules are
compressed beyond their theoretical maximum density and the molecular bonds are
broken. At the rear of the reaction zone the broken molecules have reformed in the
molecularly simpler detonation product gasses at CJ conditions [1, 11, 23, 46].
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Figure 2-1. Structure of a detonation wave, figure copied from Cooper [1].
During breakout the explosively generated shock wave transitions from a
detonation wave inside the explosive, to a blast wave propagating through the surrounding
air. A blast wave has two distinct phases, the first immediately follows breakout during
which the blast wave and fireball front are considered coincident and is referred to as an
attached blast wave. During the attached phase Lee and Needham describe the fireball as
as a piston, or a snowplow behind the blast wave front driving it into the surrounding air
pushing a growing layer of air particles [23, 51]. The second phase begins at separation
when the blast wave separates from the fireball and ends when the blast wave velocity falls
below the speed of sound in air and transitions to a sound wave. A blast wave pressure
versus time (p(t)) waveform jumps to a peak pressure at its front then decays back to
ambient along a curve defined by the Friedlander equation shown in . In the Friedlander
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equation P0 represents the ambient pressure, Ps is the pressure of the blast wave, t is time,
and t+ is the positive phase duration.

𝑃 = 𝑃𝑒

1−

𝑡
𝑡

(1)

Because of the significantly different energy levels, the blast wave surrounding an
explosive charge the blast wave in air will be split into three fields. The fireball field
extends radially from the center of the explosive charge out to the point of separation of
the fireball and blast wave. The near field extends from separation of the fireball out to a
scaled distance of 18 ft/lb1/3(K-18), where the blast wave overpressure is considered
decayed to a safe level [52]. The far field begins at K-18 and propagates into the
surrounding air until the velocity decays below the speed of sound in air as the shock wave
in air transitions into a sound wave.
2.3. MEASUREMENT TECHNIQUES FOR BLAST OVERPRESSURE IN AIR
A blast wave has two pressures that can be measured based on the orientation of
the pressure transducer relative to the direction of travel of the blast wave. If the face of
the transducer crystal disk is parallel to the travel line of the blast wave the measurement
is referred to in literature as incident or static overpressure and in this document, simply as
overpressure. If the blast wave travels normal to the crystal face a higher pressure referred
to as reflected pressure is recorded. Reflected pressure and overpressure can be equated
from one another using Rankine Huguenot relationships [4], but within this manuscript
only overpressure will be discussed for continuity.
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When the blast wave separates from the fireball of detonation products occurs, a
secondary shock diverges from the blast wave, collapsing towards the initiation point
where it reflects and accelerates away from the source toward the back of the blast wave
in air. This results in a secondary peak behind the initial peak at the shock front. This
secondary peak was discussed by Needham and referred to as Pete and rePete in reference
to a blast wave study where the authors had commented on the occurrence but not the
source of a secondary peak in the pressure time (p(t)) waveform. The data waveform
referenced by Needham was recorded as voltage versus time (v(t)) from a pressure
transducer oriented with the crystal face parallel to the blast wave line of travel. The voltage
was converted to overpressure using an empirically derived constant specific to the
transducer which is the state of the art of pressure measurements today [53-55].
Prior to the use of conversion factors for the pressure transducers, there was an
interest in measuring blast wave overpressure in open air surrounding spherical and
cylindrical charges. These early tests generally instrumented the horizontal plane through
the centroid of the charge with pressure transducers used to determine time of arrival from
a voltage versus time v(t) waveform produced by the transducer crystals. The net time of
arrival between two transducers that are set a known distance from the center of the charge
was used to calculate radial velocity that then was equated to overpressure by the Rankine
Huguenot relationship [4, 5, 9, 56, 57].
Wisotski also measured velocity of the blast wave by comparing the relative
position of the blast wave’s shadow between images filmed around 5,000 frames per
second (fps). Some of the shadowgraph images showed a Y shaped intersection in the blast
wave front that he posed as a triple point where two converging blast waves join together
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and form a bridge wave section in the blast wave front similar to the Mach Stem shown in
Figure 2-2. It is unclear how much of his data from the images, if any, was used from the
image measurements in the published study, but the frame rate of 5,000 fps would
significantly increase the propagation of error at velocities above 500 meters/second (m/s)
that occur in the near field.

Figure 2-2. Diagram of Mach stem formed by the ground reflection merging with the
incident wave modified from [58]
2.4. BRIDGE AND PRIMARY WAVES
During the detonation of an end initiated cylinder primary wave forms after
breakout from an explosive detonation reaction as shown in Figure 2-3 [5-7, 59-61]. In a
cylinder with a flat end, two primary waves form, one from the end and one from the side.
Further out, the two primary waves form a bridge between them Figure 2-3 [6, 7, 59, 6163]. Wisotski stated that the bridge forms due to reflections from the primary waves and
labeled as such. Other research shows that blast waves only reflect when there is a
significant impedance mismatch such as the ground or concrete structure [24, 64, 65].
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Bridge waves have been seen in high-speed videography, but their exact formation not
extensively researched.

Figure 2-3. Simplified Sketch of close in bridge wave, Copied from Wisotski [5]
2.5. SCALED DISTANCE
A common tool used to predict blast wave overpressure is scaled distance (Z) which
has the units of ft/lb1/3 or cm/g1/3, and is calculated by dividing the radial distance from the
charge by the cube root of the mass of explosive [1-3]. The scaled distance relationship has
been validated empirically for charge sizes ranging from grams to tons [4]. In order for the
overpressure scaling to work in non-spherical charges the geometry of the charge used to
measure the pressure data must be the same as the selected charge. A published chart such
as overpressure data versus length to diameter (L/D) ratios for cylindrical Comp-B charges
shown in Figure 2-4 can be used to predict the overpressure from a cylindrical Comp-B
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charges. For a Comp-B cylindrical charge with an L/D ratio of 3.3/1 the overpressure
would at 27.5 psi (190 kPa) at a scaled distance of 6 ft/lb 1/3 (24 g/cm1/3).

Figure 2-4. Chart of peak overpressure in the radial plane of a cylindrical charge adapted
from Wisotski [5]
2.6. SUMMARY OF SECTION
After separation the blast wave enters the near field and has ambient air in front of
it with shocked air behind. The p(t) waveform decays from a peak pressure along a line
that is well described by the Friedlander equation. After the blast wave travels through the
near field the shocked air particles are in a slightly increased radial position, but their
velocity, temperature, and pressure are quickly returning to ambient conditions. In the near
field blast wave focusing is achieved by reflection off a surface with a high impedance
mismatch such as pavement or structures, but the action of the explosive on the blast wave
occurs within the fireball field. The fireball field proves challenging to instrument with
physical sensors due to the extreme light, pressure, and temperatures.
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A series of tests were designed to quantify the magnitude of anisotropic pressure
distribution surrounding prismatic charges relative to the isometric pressure distribution in
the axial plane of cylindrical charges, information that was missing from an extensive
literature search. The following journal article, published in Pyrotechnics, Explosives, and
Pyrotechnics in 2020, describes the preliminary investigation into the focusing effects of
charge geometry by instrumenting the detonation of spherical, cylindrical, and cubic
charges. The second paper investigates the distribution of energy at breakout with novel
series of plate dent tests supported with computer simulations. The third paper used a novel
optical method to measure primary and bridge wave overpressure from the sides and
corners of prismatic charges to compare the the radially isometric overpressure generated
by cylindrical charges.
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ABSTRACT
Standoff distances for people and equipment are determined using a scaled distance

calculation that assumes uniform distribution of explosive energy, which only occurs with
spherical charges. There is a significant amount of data available for spheres and cylinders
in air and hemispheres on the ground, but little has been published for other geometries.
Published studies of spherical, cylindrical, and planar charges demonstrate that there is a
focusing of the blast wave resulting from charge geometry. From these studies, it appears
that the highest overpressure occurs in the orientation of the largest presented surface area.
This paper presents experimental pressure data recorded from the detonation of spherical,
cylindrical, and cubic charges at two scaled distances. The non-spherical charges were
instrumented normal to two adjacent sides and the interjacent edge. The pressure normal
to the sides of the cubic and cylindrical charges was up to 1.55 times that of the spherical
charge in the near field, but lower in the far-field indicating that a simple multiplication
factor will not accurately predict the overpressure over distance for complex charges from
spherical data. The sides of the cubic charge produced a near field overpressure relative to
its surface area consistent with those observed from the side and end of the cylindrical
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charge. In the far-field, the pressure from the sides of the charge were less than that of the
sphere indicating that there is a lateral movement of energy behind the shock front causing
a reversal of peak pressure in the measured orientations.
Keywords: Detonation, Blast Wave, Plate Dent, Reaction Zone
1. INTRODUCTION
The geometry of an explosive charge significantly affects energy distribution based
on overpressure versus time data recorded around spherical and cylindrical charges [1-16].
Baker commented that the highest blast wave overpressure occurred in the orientation with
the highest presented surface area. Published testing of cylindrical and planar charges
indicates that the overpressure was magnified in the orientations with the highest presented
surface area [17, 18]. If this correlation holds for other non-spherical charges, then the
pressure distribution of the shock wave in the air can be predicted by the relative surface
area of the charge in the orientation of interest. This information could be used to
complement the minimum safe distance calculations when it is necessary to position
personnel or equipment in close proximity to a detonation by predicting orientations where
overpressure is higher or lower than that of a spherical charge.
A shock wave is a compression wave that exceeds the elastic limit and the speed of
sound of the medium of travel [1]. As a shock wave expands from its source, physical
properties such as velocity and overpressure decrease with time and distance due to
propagation loss. Two mechanisms of propagation loss are the transfer of momentum into
the medium of travel and a decrease in overpressure as the shock front is spread over an
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increased surface area [65]. Propagation losses reduce the velocity from a shock wave to a
sound wave, that decay in velocity slower than a shock wave.
Theoretically, when a shock wave is traveling through a high-explosive charge and
driven by the chemical reaction of detonation, referred to as a detonation wave, the energy
released in the reaction zone offsets the propagation loss resulting in a steady-state reaction
[16]. Equations of state have been experimentally determined to evaluate physical
properties for steady-state explosive detonation. Example properties include the velocity
of the detonation wave (VOD) and the Chapman Jouguet (CJ) pressure [16]. The CJ
pressure is the pressure of the completely reacted but unexpanded detonation products.
A detonation wave maintains the CJ pressure and VOD until it reaches an
impedance boundary, or the detonation reaction is quenched. In a homogeneous explosive,
the detonation wave tends to expand isotopically, but the detonation wave can be focused
into regions of amplified or dampened pressures [18]. Internal wave shaping uses
explosives with different VOD or inert material to focus the energy of the detonation
wavefront for the desired application.
When a shock wave reaches a material or impedance boundary the interaction
results in two diverging shock waves [65]. One shock wave is transferred across the
boundary while another shock wave is reflected back into the shocked medium. The initial
pressure of the two diverging shock waves is governed by the relative impedance of the
two mediums. When a detonation wave reaches a boundary with a higher impedance
material, such as a brass plate, the resulting pressure at the interface will be greater than
the CJ pressure of the explosive. When a detonation wave reaches a boundary with a lower
impedance, such as PETN-air, an around 1000 x reduction in pressure from a CJ pressure
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of 25.2 GPa to 27 mPa in air is observed [16]. While reduced, it is still a powerful blast
wave traveling at well above the speed of sound in air.
Breakout occurs when the detonation wave reaches the explosive air boundary, and
a shock wave, referred to herein as a blast wave, is transmitted into the surrounding air.
Focusing energy can also occur through surface shaping during breakout. For an ideal
sphere defined as a free-floating, uncased center point initiated, homogeneous spherical
charge, the detonation wave reaches the entire surface at the same instant, and a spherical
blast wave propagates into the surrounding atmosphere [65]. Deviating from the ideal
sphere, as shown in Figure 1, extends breakout time and results in the shock front consisting
of both detonation and blast waves.

Figure 1. Images depicting breakout from a charge with a square cross-section section in
the air at the beginning of breakout (A), during breakout (B), and end of breakout (C).
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Quenching of a detonation occurs when the side losses from the perimeter of the
reaction zone reduce the pressure in the reaction zone below what is necessary to maintain
a stable detonation reaction [16]. Quenching of an end initiated tapered cylindrical charge
occurs when the diameter of the explosive falls below the critical diameter of the explosive
[1-4]. As the explosive approaches the critical diameter the side losses reduce the overall
pressure in the reaction zone and the detonation reaction falls from its steady-state stable
detonation into an unstable detonation. Qualitatively this is seen as the darkening of the
fireball lateral to the reaction zone, as shown in Figure 2. If side losses at the edges of the
charge degrade the detonation wave below the pressure necessary to maintain a stable
detonation, then the unstable regions would be visible as darkened regions of the fireball
that correlate with the expanded position of the edges of the charge.

Figure 2. Image of stable vs. unstable detonation adapted from Cybulski [15].
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The three-dimensional expansion of the ideal sphere is simplified to twodimensions by examining a plane through the center of the charge represented by the
circular explosive charge shown in Figure 3. Scaled distance is calculated by dividing the
blast wave radius by the cube root of the charge mass and commonly given in ft/lbs 1/3 or
cm/g1/3. Applying a linear approximation of scaled distance to radial lines on a twodimensional plane suggests that the pressure along any orientation surrounding the circle
of explosive shown in Figure 3 would produce the same peak pressure at the shock front
because the ratio of the blast wave radius to explosive length is the same.

Figure 3. Uniaxial radial expansion of a charge with a circular cross-section
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Changing the charge geometry to a cube whose square cross-section is shown in
Figure 4 results in a longer explosive length at the corners than normal to the sides. The
cube would also present a higher surface area when viewed from the corners than the sides,
indicating that the highest pressures would occur normal to the edges of the charge. Under
the assumption that blast wave overpressure is directly related to explosive length, one
might reasonably assume that the overpressure will be lowest normal to the sides and
highest downstream from the corners, shown as P1<P2 in Figure 4.

Figure 4. Uniaxial radial expansion of a charge with a square cross-section
Stoner and Bleakney measured the pressure normal to the side of square prisms of
tri-nitro toluene (TNT). They noted that the pressure generated was higher than that of a
sphere of the same mass. The law of conservation of energy indicates that altering geometry
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does not increase the overall energy of the explosive, and Stoner and Bleakney theorized
that the overpressure must be lower from the edges, but they did not instrument this
orientation [65]. From testing on cylinders done by Wisotski and others, it was noted that
the highest overpressure occurs from the side with the highest surface area [2-7].
To test the hypothesis that the distribution of overpressure is dictated by the
presented surface area of the charge, experimental pressure data is compared to the
presented surface area of spherical, cylindrical, and cubic charges at two scaled distances.
The cube has six equal surfaces with an average surface area of 17 cm 2. The end and side
of the cylindrical charge are 12 cm2 and 23 cm2, respectively. Pressure distribution from
the corners of the cubic cylindrical charges was also recorded. The surface area of the cubic
charge is between that of the end and side of the cylinder tested and is expected to produce
an overpressure between the side and end of the cylinder.
2. EXPERIMENTAL SECTION
This test series measures the overpressure of a blast wave in the near and far-field
utilizing open-air testing to record pressure versus time (p(t)) data at multiple orientations
and standoff distances. Blast wave overpressure data was recorded by instrumenting the
open air surrounding spherical, cylindrical, and cubic uncased charges at standoff distances
of 1.1 and 2.1 m. With a charge mass of 100 grams, the standoff distances equate to scaled
distances of 23.0 and 44.3 cm/g1/3, respectively, and are referred to herein as the near and
far-field. These two scaled distances were selected to be on a high and low end of testing
on cylindrical charges conducted by Baker for a Department of Energy report [65].
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100-gram spheres, cylinders, and cubes were hand-packed into 3D printed molds
to an average density of 1.5 g/cm3 from rubberized PETN Datasheet explosive, shown on
a one-inch grid in Figure 6. The charges were placed on a 0.5 meter cardboard tube and
initiated by a #8 detonator inserted 1.3 centimeters into the base of the charge. A minimum
of two repetitions were completed for each charge geometry.

Figure 5. Plan view of 100-gram Cube, Sphere and Cylinder on a 1-inch grid
The charges were instrumented with piezoelectric pressure transducers mounted in
pencil style probes to record pressure versus time normal to two sides and the interjacent
edge in the near and far-field, as shown in Figure 5. For the cylinder, 0 degrees refers to
the end, 90 degrees the side with 45 degrees recording pressure from the interjacent edge.
For the cube, 0 and 90 record equivalent sides with 45 degrees being the interjacent edge.
Near and far-field sensors offset 180 degrees to ensure the near field sensors did not affect
downstream measurements in the far-field. A high-speed video of the event was recorded
at 70,000 frames per second with a Phantom V-2012, and the associated software was used
for the analysis of the fireball and shock wave propagation.
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Figure 6. Plan view of experimental test field showing pencil probe orientations at the
near and far-field around the sphere, cylinder, and cube.
3. RESULTS AND DISCUSSION
Pressure versus time and high-speed video data were collected for spherical,
cylindrical, and cubic charges of equivalent mass. All experimental averages and deviation
from the mean for measured blast overpressure were calculated using a 95% confidence
interval (95% CI). Deviation in the spherical data is assumed to be systemic and is
considered as the experimental error for all the charge configurations tested. If the pressure
at a selected scaled distance around the non-spherical charges deviates from the spherical
control by more than the experimental error, the increase in deviation is attributed to the
geometry of the charge.
The overpressure data recorded around the spherical charges, summarized in Table
1, results in an average pressure of 134.5 ± 5.7 in the near-field and 37.4 ± 1.0 in the farfield. The deviation of the sphere is 5.3% in the near field and 2.2% in the far-field. The
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small error is attributed to surface imperfections due to hand molding or placement of
pencil probe sensors. These errors are assumed to be consistent across all geometries and
deviations greater than 5.3% and 2.2% for other geometries will be taken as statistically
significant change due to geometry
The pressure data from the cylindrical charges is presented in Table 2. The
presented surface area of the cylinder is 12 cm2 at 0° and 23 cm2 at 90°, which produced
overpressures of 129.0 ± 3.6 kPa and 200.5 ± 17.5 kPa , respectively in the near field. This
agrees with Baker’s observation that the highest pressure comes from the orientation with
the highest presented surface area. If the relationship between overpressure and surface
area is linear, the pressure from the 17 cm2 side of the cubic charge will produce an
overpressure of 160 in the near field. The deviation from the mean for cylindrical charges
was 13.4% and 15.2 in the near and far field, respectively. These values are greater than
the experimental error of the sphere and shows statistically significant change due to
geometry.
Table 1. Pressure recorded around spherical charges
Orientation
(deg)

Average Near
Field
(kPa)

(kPa)

Average
Far Field
(kPa)

±
(kPa)

0°

133.2

35.9

36.5

4.6

45°

129.8

9.2

37.8

2.4

90°

140.5

7.8

38.0

2.6

Average

134.5

7.1

37.4

1.0

±
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Table 2. The pressure recorded around cylindrical charges
Orientation
(deg)

Average
Near Field
(kPa)

±
(kPa)

Average
Far Field
(kPa)

±
(kPa)

0°

129.0

3.6

28.2

2.1

45°

143.5

0.2

44.5

0.2

90°

200.5

17.5

34.2

0.2

The overpressures measured from the face of the cube at 0° and 90° in Table 3,
averaged 1.3x that of the sphere in the near field. In the far-field, however, this trend
reversed with pressures normal 0.75x that of the sphere. The average overpressure from
the sides of the cubic charge is 177 which is within 10% of the linear prediction of 160
from the surface area of 17 cm2 indicating there is a strong correlation between surface
area and overpressure from the sides of an explosive charge. The presented surface of the
cube at 45° was 24 cm2. Despite a larger presented surface area and greater length of
explosive between the center and the edge, significantly lower pressures were observed off
the edge than those normal to the face in the near field. This result was in contradiction to
Baker‘s findings regarding a correlation between presented surface area and pressure.
Similarly, the uniform geometrical expansion model assumption that held for the spherical
charge breaks down for the cube or cylinder. The pressure reversal normal to the cube faces
in the near and far-field, coupled with the greater pressures normal to the face than the
corner of the cube in the near field, negates the uniform expansion model for the cube
discussed in Figure 4. This assumption does not apply to the cubic charge because there is
a lateral flow of energy that takes place during detonation of the cubic charge away from
the reaction zone.
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Table 3. Pressure recorded around cubic charges
Orientation
(deg)

Near Field
(kPa)

±
(kPa)

Far Field
(kPa)

±
(kPa)

0°

170.4

13.6

28.4

1.7

45°

139.4

11.6

44.2

0.5

90°

184.1

24.1

28.3

2.5

Dividing the pressure from non-spherical charges by that of the sphere gives a
pressure ratio shown in Figure 7. In the near field, the overpressure from the sides of the
cube and cylinder produced higher pressure than the sphere. The Axial end of the cylinder
produced the lowest pressure and had the lowest surface area shown in Figure 7. This
correlates with the observation that the highest overpressure will be produced by the side
with the largest presented surface area. Correlating the presented surface area to pressure
is challenging because it does not consider the curvature of the surface. Baker did not
discuss the surface area in relation to the edges of the charge, but when viewed off the
corner from 45°, the presented surface area of the cubic charge is 1.41 times that of the
side at 0° or 90°. In the near field, the pressure from the edge is lower than from the side.
From the curved side of the cylinder, the presented surface area could be considered the
cross-sectional area, or the entire curved surface. For this comparison presented surface
area is defined as the cross-sectional area rather than the entire surface area of the curved
surface. Despite this the deviation from the mean for cubic charges was 9.9% and 18.0 in
the near and far field, respectively. These values are greater than the experimental error of
the sphere and again shows statistically significant change due to geometry.
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The pressure from the sides decreases as the blast wave moves from the near-field
into the far-field while the pressure from the edges increases. This indicates that there is a
lateral flow of energy behind the blast wave front resulting in increased pressure from the
edges in the far-field. The lateral flow is suspected of initiating during breakout when there
is a large pressure gradient between the reaction zone in the detonation wave and the blast
wave where breakout has already occurred. Even though breakout occurs over a few
microseconds for the charges tested, the extreme pressure gradient results in a lateral mass
flow from the edges that overdrives the blast wave downstream from the sides in the near
field. In the near field, the sides now have a higher pressure than the edges resulting in a
flow towards the edges resulting in a higher relative pressure at the edges in the far-field.

Figure 7. Chart of peak pressure and surface area for tested geometries in order of
increasing surface area
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Observation of the cubic charge via the high-speed video supported the hypothesis
of the lateral flow of the detonation products from the reaction breakout point at the center
of each of the charge faces. The lateral flow of products toward the breakout point results
in the greater overpressures observed in the near field normal to the face of the cube. The
convergence of the spherically expanding reaction zone in the explosive isolates the
unreacted explosive at the edges and corners of the cube resulting in ultimately quenching
the detonation wave as the explosive reaches its critical diameter in these regions. This
phenomenon is represented in the high-speed imaging data in Figure 8 by darkened regions
of the fireball in a similar geometry to the edges of the starting cube. These darkened
regions show similarity to the darkened regions of unstable detonation observed by
Cybulski in Figure 2 at the edges of flat-ended cylindrical charges.

Figure 8. Image from high-speed video of cubic charge approximately 0.3 ms after
initiation highlighting the darkened regions of the fireball
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4. CONCLUSION
Near and far-field blast wave overpressure was measured surrounding 100 gram
spherical, cylindrical, and cubic charges. The sides of the cubic charges had a surface area
of 17 cm2 and produced a near field pressure of 177 which demonstrated a near linear
relationship between surface area and overpressure relative to the cylinder charge surface
areas. As the blast wave propagates into the far-field, the pressure from the side of the
cube is less than that of the end of the cylinder, which does not support the correlation
between surface area and overpressure.
The overpressure from the edges of the charge is lower in the near-field and higher
in the far-field relative to pressure from the sides. This indicates that there is a lateral flow
of energy behind the blast wave front resulting in increased pressure from the edges in the
far-field. This lateral flow is analogous to side losses described by Cooper [16] which occur
at the explosive air boundary.
As the blast wave from the cubic charge propagates to the far-field, the pressure
ratio falls from 1.3 to 0.7 from the side of the charge and increases from 1.0 to 1.2 from
the edges. The same trend is seen in the cylindrical charge, where the side pressure ratio
falls from 1.5 down to 0.9 and increases from 1.1 to 1.2 from the edges. This indicates that
not only does the blast wave flow radially from the source, but there is a lateral flow behind
the blast wavefront that is set in motion during breakout as the detonation wave propagates
laterally across the surface of the charge away from the point of breakout.
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II. INVESTIGATING ANISOTROPIC BLAST WAVE PARAMETERS NEAR
THE EXPLOSIVE-AIR BOUNDARY USING COMPUTER SIMULATION AND
EXPERIMENTAL TECHNIQUES WITH VARYING CHARGE GEOMETRY
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Keywords: Breakout, Reaction Zone, Blast Wave, Overpressure measurement
ABSTRACT
The prediction of blast wave overpressure using scaled distance calculations use
the variables of charge mass and radial distance and assume the blast wave is isotropic.
Simulations and empirical studies demonstrate that altering charge geometry results in
significant deviation in overpressure versus orientation. While this effect has been
measured for cylinders, truncated cones and cubes, the mechanisms driving geometric blast
wave anisotropy have not been well defined. Velocity vectors plotted from the computer
simulation in this study show an isotropic radial flow from the cylindrical charges while
the prismatic charges with rectangle, triangle and 5-point star cross sections had significant
anisotropy and are overdriven normal to the sides of the charge and underdriven at the
corners. The radial expansion of the rim of the dent is measured at the corners and normal
to the sides of the charges as an indicator of radial energy distribution and particle flow
during breakout. The depth of the dents shows a linear relationship with the breakout radii
of the charges with an R2 value of 0.99. The radial displacement of the dent rim from the
perimeter of the explosive charge is uniform 5.5 millimeters (mm) around the cylindrical
charge but is up to 1.5 times that normal to the sides of the prismatic charges, and zero at
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the outside corners indicating an energy flow from the detonation wave towards the initial
breakout locations.
1. INTRODUCTION
Published studies show significant deviation in blast wave overpressure versus
orientation surrounding non-spherical charges [1-14]. Previous studies evaluated pressure
anisotropy from cylindrical charges by dividing the overpressure from the side or end of
the of the cylinder by that of an isotropic sphere at the same distance. A pressure ratio
greater than one is referred to as overdriving, with underdriving referring to a pressure ratio
less than one [15].
Preliminary work showed near field pressure ratios for a cubic charge of 1.3 normal
to the sides and 1.0 downstream from the corner [15]. In the far field that trend reverses,
and the blast wave is overdriven downstream from the corner by a factor of 1.2, and
underdriven normal to the sides by 0.8 indicating the blast wave from non-spherical
charges is not represented by the uniaxial flow model used by Cooper and others [16-18]
when discussing the structure and flow of an explosively generated shock wave. Similar
trends were observed in published studies of spherical and cylindrical charges with varying
length to diameter ratios [3, 4, 7, 10, 11, 17, 19-33], but relatively little published work is
available on more complex geometries [2, 4, 15, 34, 35] and the mechanisms driving blast
wave anisotropy have not been fully investigated in available literature.
An explosively generated shock wave has two distinct phases that are divided by
the explosive air boundary and referred to as detonation wave and blast wave [16]. A
detonation wave is a shock wave within the reactive medium of the explosive material that
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initiates the detonation reaction, while blast wave refers to the explosively generated shock
wave after the detonation wave has reached the explosive air boundary [16-18, 30, 32, 3639]. Breakout describes the time duration beginning when the detonation wave reaches the
explosive air boundary and ending when the entire charge has been detonated [40]. For a
center-initiated sphere the radius from the initiation point to the explosive air boundary is
equal in all orientations and breakout is considered instantaneous. The blast wave is
spherical and at any selected time step the blast wave radius and overpressure are equal in
all orientations.
To investigate the theory that the momentum imparted during breakout drives blast
wave, it is necessary to model or record breakout. High-speed video and pressure
transducers used in the preliminary studies provided accurate measurements of the
resulting blast wave overpressure at multiple orientations after the blast wave separates
from the fireball, but close to the charge the intense light released overexposes images and
the extreme heat and pressure can skew pressure measurements and destroy pressure
transducers and mounts. High speed video with a frame rates approaching 1 million frames
per second combined with pulsed laser illumination, shown in Figure 1, have been used to
capture images of breakout, but the method requires expensive lasers and control software,
and the field of view is limited [41].
The deformation of a metal witness plate in direct contact or close proximity to an
explosive charge has been used to help quantify the distribution of energy from a
detonation [29, 42-49]. Plate dent tests are currently used to interpolate Chapman-Jouguet
(CJ) pressure of an unknown explosive from empirical data [29, 43, 46, 48, 50, 51].
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Traditionally, a plate dent test consists of top initiating a 4.1 centimeter (cm)
diameter by 15.2 cm tall cylinder of explosive sitting on top of a well-supported 12.7 x
12.7 x 5.1 cm cold rolled steel plate [46] and measuring the depth of the dent. The depth
of the dent was used to compare the relative brisance of different explosives and is
indicative of the axial energy transferred into the plate by the detonation.
Historically the diameter of the dent has not been examined, but it is believed by
the authors to be representative of the radial distribution energy of the blast wave that is
transmitted into the air along the length of the charge. In Figure 2 the dent rim displacement
is circular and a uniform distance from the perimeter of the cylindrical explosive charge,
indicating an isotropic radial energy distribution. Radial energy distribution for non-

Figure 1. Breakout for a 450-gram sphere of C-4. A. Before breakout, B. During breakout
and C. After Breakout, total time duration 600 ns, modified from [41].
spherical charges has been described to result in a side loss of energy parallel to the reaction
front that consequently slows a steady state detonation reaction into an unsteady state
reaction as the reaction zone reaches a vertex. This variation in lateral blast wave energy
from non-cylindrical charges should be visible as non-uniform dent rim displacement in
modified plate dent test experimentation using prismatic charges [15, 16]. The loss in
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energy through the reaction is transferred earlier into the surrounding air as a blast wave
and thought to have a significant increase, or jet, of blast wave pressure over that of a same
mass cylinder. Areas of higher blast wave energy as a result of lateral side loss of
detonation energy will henceforth be described in this paper as reaction zone jetting.
In order to investigate reaction zone jetting, this study uses computer simulations
of the detonation in air of explosive charges with cross sectional shapes of a circle,
rectangle, triangle, and 5-point star and empirical data from a modified plate dent test using
charges with the same cross-sectional shapes and explosive. The explosive charges used in
the plate dent test were melt cast from commercially available boosters which typically use
composition-B consisting of a 60/40 mixture of 1,3,5-Trinitroperhydro-1,3,5-triazine
(Royal Demolition Explosive or RDX)/Trinitrotoluene (TNT). The isometric radial
expansion of the cylindrical charge is used as a control for comparison when evaluating
the data from the simulations as well as the modified plate dent test for determination of
under and over driven areas. The displacement of the dent rim is measured normal to the
sides, and at the corners of the charges to compare with the particle velocity vectors plotted
from the computer simulations. The plate dent test charges were instrumented with
piezoelectric pins to measure velocity of detonation (VOD). The pins produce an electrical
signal when hit by shock wave providing a time of arrival (TOA) which with the known
separation distance is used to calculate the velocity of the detonation wave [52]. For the
cylindrical charge and determine breakout times for the prismatic charges to validate the
computer modeling assumption that the detonation wave radiates out from the initiation
point.
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Figure 2. Picture of dented plate superimposed with a white circle scaled to match the
cross-section of the cylindrical charge to demonstrate uniform displacement of the dent
rim, modified from Smith [43].
2. METHODOLOGY
In order to investigate the complex interaction that occurs at the explosive-air
boundary during breakout, both simulation and experimental techniques were used. The
detonation in air of cylindrical, triangular, rectangular, and 5-point star prismatic charges
with a cross sectional area of 13.2 cm2 were modeled in 2 dimensions (2D) with the
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hydrocode AUTODYN with velocity vectors as the main output [53]. The cross sectional
area is based on a 4.1 cm diameter cylindrical charge for a traditional plate dent test [43,
50]. Experimental plate dent tests were performed with charges with the same crosssectional shape and area as those modeled in the open air computer simulations. Figure 3
shows the experimental plate dent setup for the 4 explosive charges and associated
simulation plane with dimensions.

Figure 3. Illustration depicting the simulated plane relative to the plate dent test for the A.
Cylinder, B. Triangle, C. Rectangle, and D. Star.
2.1. SIMULATION METHODOLOGY
Due to the short duration and extreme light produced during breakout, recording
clear images with a camera for analysis was challenging and cannot see past the explosive
air boundary making computer simulations a viable alternative. AUTODYN [53] was used
to simulate the detonation of a cylinder as a control for the examination of rectangular,
triangular and 5-point star prisms in order to investigate reaction zone jetting. AUTODYN
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has been used and validated extensively for close in detonation parameters [19, 54-57]. In
the simulation, the bulk of the explosive was Military Composition B modeled using a LeeTarver ignition and growth reactive burn model (IGRB) [65]. The Military Composition B
consists of 60% cyclotrimethylenetrinitramine (RDX) and 40% Trinitrotoluene (TNT) by
mass. The composition B ignition and growth reactive burn model was center initiated by
a 6.0 mm diameter booster using a program burn model with a Jones-Wilkins-Lee equation
of state for C-4 [59]. The diameter of the booster matches the diameter of the EBW
detonators used to initiate the plate dent tests and the air surrounding the charge was 12.7
x 12.7 cm which corresponds with the size of the plate dent test witness plate. The circular
charge has a cross-sectional area of 13.2 cm2, which was kept constant for all the charges.
The 2D simulation plane for the cylinder with a density gradient displayed in gray scale
and multi-colored particle velocity vectors shown in Figure 4 .A. and B, respectively.
Density was plotted using a black to white scale representing 0.0-2.0 g/cm 2 and particle
velocity vectors in color to visualize particle momentum behind the shock front. Velocity
was chosen due to the vector view in AUTODYN that clearly shows radial displacement
that can be compared to rim displacement in the plate dent tests. Velocity relates to
overpressure through the Rankine-Huguenot relationship. The density gradient at the shock
front was used to determine when breakout begins and ends, and the size, color, and
orientation of the velocity vectors indicate the direction and magnitude of the particle
velocity to examine the flow behind the shock front for possible sources of the downstream
blast wave anisotropy measured around non-spherical charges. If the detonation wave and
the resulting blast wave were isotropic, as shown in Figure 4, the arrows will be similar
length, oriented radially, evenly distributed, and uniform in color.
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Figure 4. Plots from AUTODYN simulation of a center-initiated circle of composition B
showing (A.) density and (B.) density with particle velocity vectors.
After venting the blast chamber, the plates are retrieved for evaluation and cleaned
with a wire brush. The plates were then scanned with a custom built 3-D scanner on a 0.1
x 0.1 mm grid to determine the maximum depth of the dent and chart the contour lines to
give a visual representation for qualitative evaluation. The two sections of white polyvinyl
chloride tubing shown in Figure 4 B are secured to the plate close to the charge to hold
piezo pins used to record time of arrival and calculate velocity of detonation.
2.2. EXPERIMENTAL PLATE DENT METHODOLOGY
A plate dent test entails top initiating a vertical cylindrical charge sitting in the
middle of a well-supported 12.7 x 12.7 x 5.1 cm steel plate and measuring the depth of the
resulting dent. The depth of the dent determines a relative measure of brisance of an
unknown explosive by dividing the depth of the dent made by the test charge by a standard,
often TNT [43, 48, 50]. This series of tests modifies the plate dent test by varying the
cross-sectional shape of the charge rather than the explosive composition. The crosssectional area and height of the charge was kept constant to maintain a consistent charge
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mass of 285 grams of melt cast Composition B. The charges were melt cast from
commercially available composition-B consisting of a 60/40 mixture of 1,3,5Trinitroperhydro-1,3,5-triazine (Royal Demolition Explosive or RDX)/Trinitrotoluene
(TNT). The charges were placed in the middle of a 12.7 x 12.7 x 5.1 cm steel plate and
held in position with electrical tape as shown in Figure 4A. The dent plate was set on top
of a larger steel plate which was centered on one of the steel I-beam floor supports in the
blast chamber to prevent deformation of the back of the dent plate.
After venting the blast chamber, the plates were retrieved for evaluation and
cleaned with a wire brush. The plates were then scanned with a custom built 3-D scanner
on a 0.1 x 0.1 mm grid to determine the maximum depth of the dent and chart the contour
lines to give a visual representation for qualitative evaluation. The two sections of white
polyvinyl chloride tubing shown in Figure 4 B were secured to the plate close to the charge
to hold piezoelectric pins used to record TOA and calculate VOD.

Figure 5. (A.) Plan and (B.) profile views of cylindrical charge with Piezoelectric pins to
measure TOA and VOD
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2.3. EXPERIMENTAL TIME OF ARRIVAL METHODOLOGY
The plate dent test charges were top initiated with an exploding bridge wire (EBW)
detonator held in place with a ring of thermosetting adhesive. The EBW lead wire and the
shielded cables for the piezoelectric TOA sensor array were run through bulkhead
connections and connected to the high voltage EBW firing system and an oscilloscope
measuring voltage and recording a sample every 4 nanoseconds.
To determine if breakout happens at a discrete time based on radial distance from
the initiation point, the tops of the cylindrical and star prism charges were instrumented at
the top edge of the charge with two TOA pins, shown in Figure 6. The distance from the
center of the charge to piezo pins was 20.5 mm for the cylindrical charge and 13.1 mm and
34.3 mm from the center of the star to the interior and exterior corners, respectively. The
high voltage used to initiate the EBW detonators induces a voltage spike on the
oscilloscope trace. This was used to establish an initiation time (t0) and compare to the
piezoelectric pins located at the breakout point. The triangular and rectangular prisms were
instrumented with TOA pins at the sides and corners of the charges 2.5 cm off the plate to
determine if the wave became planar or breakout continued to occur at the sides first
followed by the edges. VOD was calculated for the cylindrical charge by placing two
additional TOA pins 53.4 mm apart down the side of the charge (Figure 5B). Since
commercially available Composition B was used, the steady state detonation for the
cylindrical charge was assumed consistent across all geometries.
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Figure 6. Plan View of A. Circular and B. Star Plate Dent Test Setups with piezoelectric
pins at the top of the charges
3. RESULTS AND DISCUSSION
This study examines the radial distribution of energy surrounding cylindrical and
prismatic charges using a computer simulation and a modified plate dent test. From the
simulation, particle velocity vectors and density are plotted 6.5 microseconds after
initiation which is after breakout is complete for all of the charges. The plate dent test
provides depth of the dents to estimate the CJ pressure of the explosive as well as a
displacement of the dent rim to evaluate the radial distribution of energy surrounding
charges with non-circular cross-sectional shapes. The velocity vectors from the simulations
are evaluated in combination with the dent rim displacement to evaluate reaction zone
jetting based on geometry.
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3.1. SIMULATIONS
Images from the simulation during breakout are shown in Figure 7 with density on
a white scale and particle velocity vectors shown in color. In Figure 7.A (cylinder) the
detonation is complete, and the outer vectors are evenly distributed in a circle, and uniform
in size and color indicating an isotropic distribution of energy and mass flow in the radial
plane of the cylinder. The vectors surrounding the prismatic charges in Figure 7.B-D, are
not uniform in distribution, size, or color. The vectors are generally normal to the sides of
the charge and relatively absent at the corners of the prismatic charges, both of which
suggest a lateral unloading of the reaction zone during breakout and reduction of the
reaction zone as it progresses to the vertex. The vectors clearly diverge from the reaction
zone during breakout resulting in a significant reduction in flow at the corners relative to
the sides.
The computer simulations all showed a significant reduction in radial energy at the
outside corners of the charges which suggests that the perimeter of the dent in the plate
would be displaced more normal to the sides of the charge and little to no displacement
from the corners. The expansion of the detonation products follows the momentum initiated
during breakout giving explosives engineers a method to focus the expansion of the
detonation products, which is responsible for a large portion of the work done by explosives
on air.
The prismatic charges will overdrive the regions where breakout first occurs which
would result in a greater displacement of the crater rim relative to the edge of the explosive
allowing less energy to dent the plate. The lack of velocity vectors at the external corners
of the charge predict that the crater rim will remain close to the edge of the explosive as
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the radial energy of the detonation wave is decayed by the side losses that overdrive the
regions where breakout originates.

Figure 7. Images from computer simulations at 6.5 microseconds after detonation for A.
Circle, B. Triangle, C. Rectangle, and D. Star. The same particle velocity vector scale
was used for all charges.
3.2. TIME OF ARRIVAL
One assumption made when using planar symmetry in the computer simulation is
that the detonation wave radiates out from the central axis of the charge. In order to validate
that assumption experimentally, TOA was measured using two piezoelectric pins set on
opposite sides of the top edge of the centrally initiated cylindrical charge, shown in Figure
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5A. Two additional piezoelectric pins were set 53.4 mm apart down the side of the charge
to measure TOA and calculate VOD. The VOD calculated from the 6.8 µs difference in
TOA is 7830 m/s, which is within the range published by Smith for composition B with a
density of 1.6 g/cm3 [43].
TOA recordings at the top of the cylinder were within 0.125 µs of one another.
With a VOD of 7830 m/s the detonation wave would travel 1.0 millimeter during 0.125 µs.
It seem likely the time difference resulted from a 1 mm misalignment of the detonator in
relation to the pins and will be added to the 0.004 µs sample rate of the oscilloscope and
treated as the margin of error the breakout time can be considered 0.0 +/-0.129 µs for
comparison to the prismatic charges in this study.
The total breakout time for the star was 1.795 µs which indicates that at the top of
the charge, the detonation wave radiates outward from the initiation point as assumed in
the planar symmetric computer model. To determine if this trend persists throughout the
entire length of the charge the triangle and rectangle are instrumented with four
piezoelectric pins 2.5 cm above the surface of the plate. Figure 8 A, B, C, & D show
location of piezoelectric pins. The relative TOA is also shown in Figure 8 with datum
denoting the orientation where breakout begins. The TOA increases with distance from the
initiation point, further supporting the planar symmetric model. As the angle at the outside
corners of the charge is decreased, the TOA is increased with the tip of the star trailing the
inside corner by 1.795 µs. The slowing of the VOD at the edges of the charge indicates that
the detonation wave is significantly decayed, which correlates with the computer models.

51

Figure 8. Plate dent test setup instrumented with piezoelectric pins to record the TOA of
the detonation wave for A. Circle, B. Triangle, C. Rectangle, D. Star to validate
simulation assumption of a radially expanding detonation wave. Datum indicates point
where breakout begins with relative increases in time after initial breakout shown in
microseconds.
3.3. DENT DEPTH AND DISPLACEMENT OF THE CRATER RIM
The dent from the cylindrical charge, shown in Figure 9A, is deepest in the center
and surrounded by a raised rim consistent with other cylindrical charge plate dent tests [43,
46]. The dents from the prismatic charges are also deepest in the center and have a raised
rim surrounding the dent, but the rim is displaced further normal to the sides of the charge
and practically nonexistent at the external corners of the charges, as predicted by the
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computer simulations and the TOA data. The convergence of two adjacent reaction zones
resulted in the internal angle of the star to be strong enough to scour away material and
dent the steel plate outside of the perimeter of the rim of the dent (Figure 9D).

Figure 9. Dents in steel plates from charges with differing cross-sectional shapes A.
Circle, B. Triangle, C. Rectangle, and D. Star. Original charge cross section is shown
with a white overlay.
To measure the dent depth, a 3D scanner was used with a 0.1 mm resolution. The
scan for the cylindrical charge is shown in Figure 10 with 0.5 mm contour markers. The

53
scan shows concentric circles for the 0.5 mm contour lines indicating a uniform slope at all
orientations from the deepest point at the center. The cylindrical charge dent had a volume
of 7.1 cm3 and made the deepest dent at 8.0 mm (0.315 in), this is in line with other
cylindrical dent tests with similar material [43].

Figure 10. Digital scan of witness plate from cylindrical charge with 0.5 mm contour
lines.
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The triangular prism scan is shown in Figure 11 and has contour lines consistent
with the shape of the charge with the deepest location in the center. Rim displacement is
shown to be greatest normal to the sides and minimal at the corners. The volume of the
triangular crater was 5.1 cm3 and a maximum depth of 5.9 mm, 74% that of the cylindrical
charge.

Figure 11. Digital scan of witness plate from a triangular prismatic charge with 0.5 mm
contour lines.
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The rectangular prism scan is shown in Figure 12 and again shows minimal rim
displacement at the corners where the reaction zone is no longer at a steady state and
greatest due to reaction zone jetting normal to the sides and closest to where breakout
begins. The volume of the rectangular dent is 5.7 cm3 with a maximum depth of 5.5 mm,
69% that of the cylindrical charge.

Figure 12. Digital scan of witness plate from a rectangular prismatic charge with 0.5 mm
contours.
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The star, shown in Figure 13, had the largest crater rim displacement at the inside
corners and little to none at the outside corners. The internal angle of the star may have
produced the largest displacement of the crater rim, but the rim is scoured away, and the
witness plate is dented outside of the rim which did not occur for any of the other shapes.
The volume of the star dent is the lowest at 4.6 cm3 which correlates with the shallowest
depth of 5.3 millimeters, only 66% that of the cylinder dent depth.

Figure 13. Digital scan of witness plate from a star prismatic charge with 0.5 mm
contours.
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Table 1. Summary of Dent Test Data

Circle
Triangle
T-67.4 mm side
T-40.3 mm side
T-73 ° corner
T-34 ° corner
Rectangle
R-53.4 mm side
R-24.5 mm side
R-90 ° corner
Star
S-Exterior corner
S-Interior corner

Dent Depth
(mm) (ratio)

Rim Displacement
(mm) (ratio)

8.0
5.9

5.5

1.0

9.0
5.7
0.0
0.0

1.63
1.04
-

8.3
6.3
0.0

1.52
1.14
-

0.0
4.6

0.84

5.5

5.3

1.0
0.74

0.69

0.66

As shown in Figure 14 the rim displacement increases as the dent depth decreases
indicating that there is a movement of energy from the axial to the radial directions. The
exception is the star which has the shallowest dent and the least measurable rim
displacement. The authors believe that the extreme energy focused at the internal angles of
the star result in removal of some of the material resulting in a displacement measurement
that is not representative of the amount of energy that was present at the internal angles of
the star. The reduction in dent depth and increase in rim displacement was expected under
the authors hypothesis that reaction zone jetting is the energy source driving blast wave
product anisotropy. It is also believed that the two converging reaction zone jets in at the
interior angles of the star scoured away some of the rim making an accurate measurement
impossible but would produce a much higher pressure in air close to the charge than the
other prisms.
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Breakout radius is calculated by subtracting the shortest radial distance from the
initiation point to the explosive boundary from the longest which, assuming constant
velocity, has a linear relationship with the breakout duration shown in Figure 8. The inverse
relationship between breakout radius and dent depth is shown in Figure 15 with R2 value
of 0.99. The strong inverse correlation between breakout radius and dent depth implies that
axial energy is “lost” as the breakout duration increases.

Figure 14. Dent depth versus Dent rim displacement

Figure 15. Chart of dent depth versus breakout radius
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4. CONCLUSIONS
This paper examines the radial distribution of energy of prismatic charges relative
to the theoretically isotropic radial distribution around a cylindrical charge numerically
using computer simulations and empirically using piezoelectric pins and a modified plate
dent test. The piezoelectric pins are configured to measure VOD as well as breakout time,
and the depth of the dent and the rims displacement from the footprint of the explosive are
measured to determine relative axil and radial energy distribution. The VOD of the
cylindrical charge 7,800 m/s which is within the range published for composition B of this
density.
The computer model uses planar symmetry under the assumption that the
detonation wave expands radially from the initiation point which is validated empirically
with breakout time data recorded at the perimeter of the charges at two heights. Radial
breakout duration for the cylindrical charge is 0.000 ± 0.129 µs relative to 1.485, 0.507,
and 1.795 µs for the triangle, rectangle, and star prisms, respectively indicating that the
detonation wave radiates from the point of initiation. Particle velocity vectors are plotted
6.5 µs after initiation and show higher particle velocity normal to the sides of the charges
relative to the outside corners and a significant increase at the internal corners of the star.
The same trend is demonstrated empirically by the displacement of the dent rim dent on
the witness plate, with more displacement occurring normal to the sides of the prismatic
charges relative to the cylinder, and a significant increase at the interior angles of the star
coupled with a shallower dent depth. This relationship is supported by an R2 value 0.99.
The computer simulations and the plate dent tests show consistent results for all the
charges, with the cylindrical charge producing a uniform crater and the deepest dent. The
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dent depth decreases with increasing perimeter. The prismatic charges produced shallower
dents as the perimeter length increased, and displaced the dent rim the most normal to the
sides, tapering down to no radial displacement at the external corners of the charges. These
studies show that reaction zone jetting in the radial direction is the driver for blast wave
product anisotropy in air.
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ABSTRACT
Scaled distance is used to calculate the safe standoff radius surrounding the
detonation of a known mass of explosive. Altering charge geometry from spherical to
cylindrical overdrives regions of the blast wave, referred to as primary waves, potentially
increasing not only the magnitude but also the duration of overpressure. Accepted blast
wave theory regarding cylindrical and spherical charge pressure comparison, states that
greater near field peak overpressure is produced by primary wave regions of the blast wave
originating from the side of the cylinder due to greater presented surface area. Preliminary
work demonstrated that reaction zone jetting results in a significant overdriving of primary
waves in the fireball field, originating at the initiation point of the explosive. Bridge waves
have been described in literature to form from corners of non-spherical geometries, but
little pressure quantification is published. In the present study the Rankine-Hugoniot
relationship was used in conjunction with time of arrival of the shock wave determined
using a high speed camera to evaluate radial blast wave overpressure beyond the fireball
for varied explosive geometries. Fireball expansion and shock wave separation into air
were recorded in the radial plane at 80,000 frames per second out to two meters, allowing
the determination of air overpressure for any radius and orientation. The optical
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overpressure measurements were validated with pressure transducer overpressure
measurements from the same detonations. Overdriving is quantified by a pressure ratio of
the primary and bridge wave overpressures originating from the sides and corners of
prismatic charges over the isotropic overpressure produced by a cylindrical charge. The
cross sectional shapes selected for the prismatic charges were triangle, rectangle, and star.
Overdriving is demonstrated to directly correlate with presented surface area for selfsimilar charges, but the highest pressure ratio of 3.5 was measured from the rectangle,
while the triangular charge had the greatest presented surface area indicating that the angles
of the adjacent corners also play a role in blast wave overdriving. The extreme overdriving
observed in the fireball field surrounding the star did not result in significant overdriving
of the star as demonstrated by similar pressure versus radius lines for the primary and
bridge waves from the star and the circle over the instrumented radius. Bridge waves from
corners of the triangle and rectangle cross sections had the pressure ratios close to 1.0 but
appeared to trend higher beyond the instrumented radius.
1. INTRODUCTION
A shock wave is a compression wave in which the peak pressure exceeds the yield
strength and velocity exceeds the speed of sound in the medium of travel [1-16]. In the
reactive medium such as the secondary explosive mixture consisting of 60/40 blend of
1,3,5-Trinitroperhydro-1,3,5-triazine (RDX) and 2,4,6-Trinitrotoluene (TNT) known as
Composition-B (Comp-B) a shock wave initiates the detonation reaction and is referred to
as a detonation wave [17]. The detonation wave will radiate from the initiation point until
reaching the explosive air boundary where the explosively generated shock wave
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transitions from a detonation wave inside the explosive charge to a blast wave in the air.
The transition from detonation to blast wave is referred to as breakout [18, 19]. In an
idealized center point initiated free floating sphere, breakout occurs at the same time across
the entire surface of the sphere transmitting a spherical blast wave into the surrounding air.
Bridge waves are formed at the corners of the charge resulting from the coalescence of the
reflected sides of the primary waves catching up with the front of the primary wave, as
shown in Figure 1. Modified plate dent tests showed that blast wave overdriving originated
at the explosive air boundary during breakout when reaction zone jetting overdrives the
primary waves [20].

Figure 1. Illustration of bridge and primary wave propagation near the explosive air
boundary. Copied from Wisotski [18].
The explosively generated shock wave is divided into three fields with increasing
radius, originating at the initiation point. First, the fireball field extends from the initiation
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point into the surrounding air out to the radius at which the blast wave and the fireball of
detonation products separate, referred to simply as separation [6]. The fireball field is
challenging to instrument due to the extreme heat, pressure, and light released during
detonation. A previously published study investigated blast wave overdriving around the
explosive air boundary, within the fireball field, using a modified plate dent test by keeping
charge chemistry constant and varying the cross section of the charge from a circle to a
triangle, rectangle, and star. The radial displacement of the dent rim from the footprint of
the explosive was measured and used to quantify radial blast wave overdriving close to the
surface of the charge. The primary waves all showed signs of overdriving normal to the
sides of the charge. At the corners the dent rim displacement was practically zero indicating
that initially the bridge waves are significantly underdriven. The most significant
overdriving was demonstrated by the primary wave from the star [20]. The second cited
field in literature is the near field, which begins at separation and generally extends until
blast effects are minimized, and which point is referred to as the far field. The transition
between near and far field used for this research is a scaled distance of 18 ft/lb3 (72cm/g3)
which is commonly referred to as K-18 and a used as a safe distance for personnel during
breaching.
Within the near field the blast wave pressure versus time (p(t)) waveform rises
nearly vertically to its peak overpressure then decays with time in a curve that is well
described by the Friedlander equation shown in Equation 1. The variables of the
Friedlander equation are defined as P0 represents the ambient pressure, Ps is the pressure
of the blast wave, t is time, and t+ is the positive phase duration. Time of arrival (TOA)
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data can be used to populate the variables and plot a p(t) waveform that closely resembles
a waveform recorded from a pressure transducer [21].

𝑃 = 𝑃𝑒

1−

(1)

A pressure transducer converts the physical input of pressure into an output voltage.
The method for measuring blast wave overpressure began with use of pressure transducers
to measure time of arrival [18, 22]. Two transducers are set at increasing radii around a
charge and the difference in time of arrival from the voltage versus time v(t) waveforms is
used to calculate velocity. Blast wave velocity is equated to blast wave overpressure using
the Rankine Huguenot equation shown in Equation 2 [18, 23-27]. The variables in Equation
2 are defined as P0 is the atmospheric pressure and P is the overpressure in psi. U and α
represent blast wave velocity and the speed of sound in air in ft/s, respectively. The ratio
of specific heats, ϒ, can be assigned a constant value of 1.4 until the overpressure, P,
exceeds (100 psi) (689 KPa) [24].

=

ϒ
ϒ

−1

(2)

As the technology of data acquisition improved the v(t) data was multiplied by an
empirically derived constant specific to each transducer to yield pressure versus time p(t).
The use of a calibration factor provides the same amount of data with only 50% of the
transducers, mounts, and cables to manage. There are several published studies of near
field blast wave overpressure using blast wave data from pressure transducers using both
the Rankine Huguenot equation and voltage to pressure conversion factors for spherical
and cylindrical charges [18, 28-42]. In a study of cylinders with varying length to diameter
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(L/D) ratios Wisotski commented that the primary waves from the sides of the cylinder
were significantly overdriven relative to a sphere of the same mass. The side of the cylinder
that produced the highest peak overpressure changed from the flat ends to the curved side
as L/D decreases, and Wisotski noted that the peak overpressure originated from the side
with the greatest presented surface area [18]. Presented surface area was not defined any
further by Wisotski and brings to question if the curved surface area of the cylinder behaves
differently than the flat ends of the cylinder.
Stoner and Bleakney published a study of spheres, cylinders, and a prism with a
square cross section in which they commented that the physical presence of the gauge and
mount creates a shadow zone in the blast wave, which significantly alters the waveform
and pressure readings downstream. They noted that using an offset of 9 degrees did not
produce downstream interference in the time of arrival data. The square prism of TNT was
only instrumented normal one of the flat sides, where the primary wave was overdriven
and it was predicted that the bridge wave regions were underdriven [23, 24].Another
published study measured near field blast wave overpressure around spherical, cylindrical,
and cubic charges with pressure transducers and noted that the primary and bridge waves
appear to behave in a similar manner to cylindrical charges, but instrumenting the near
field with pressure transducers is challenging due to both achieving an exact placement of
sensors and interference between closely placed sensors in p(t) waveforms [40].
The series of experiments designed for this investigation develops and validates a
novel method to measure blast wave overpressure utilizing the Rankine-Hugoniot equation
to calculate overpressure from blast wave velocity. The novel portion of the method lies in
the acquisition of the position versus time data which is taken from high speed images in
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which the pixel size is calibrated to a distance in the vertical plane through the charge. The
extreme light released in the fireball field makes it impossible to reliably identify the
location of the blast wave in the fireball field. After separation light emission from the
fireball field has decayed somewhat and the blast wave front is seen as a distortion of the
background image beyond the blast wave.
The investigation detailed in this report compares overpressure measurements
using a novel optical TOA method to the overpressure measurements from pressure
transducers mounted in streamline pencil mounts for empirical validation of the optical
method. Once validated, the optical method was used to measure blast wave overpressure
of primary and bridge waves produced by altering charge cross sectional shape from the
circle of the cylindrical charge to prismatic charges with varying cross sectional shapes of
a triangle, rectangle, and a 5-point star and determine anisotropic effects of explosive
geometry on the blast wave propagation.
2. METHODOLOGY
In order to evaluate blast wave propagation for non-spherical charges form multiple
angles without impeding the blast wave propagation due to sensors and stands, a method
using high speed imaging to evaluate overpressure was developed. The high-speed imaging
was used to determine time of arrival and consequently wave velocity that can be equated
to pressure using Equation 1. This section outlines the development and validation of the
optical pressure measurement system as well as the experimental test setup of prismatic
charges with rectangle, triangle and five point star cross sections.
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2.1. DEVELOPMENT AND VALIDATION OF AN OPTICAL PRESSURE
MEASUREMENT SYSTEM
High-speed imaging and the accompanying analysis software make it possible to
measure the change in the shock front position between images by calibrating pixel size to
a fiducial in the image. The velocity of the blast wave can then be calculated by dividing
the change in position between the two frames by the time elapsed between the two frames.
To determine whether accurate pressure measurements are possible using a high speed
camera to determine time of arrival at two known points in time for use in Equation 1, a
validation experiment was designed and conducted with cylindrical charges. The test setup
was instrumented with two dual probe integrated electronic piezoelectric pressure sensors
(PCB 137B25) sampled with a data acquisition system (Hi-Techniques Synergy P) at 2
MHz for comparison to pressure determined from high speed video footage. Four
cylindrical 285 ± 0.4 g charges melt cast to a density of 1.59 g/cm3 from commercially
available boosters with a composition of 40% TNT and 60% RDX were tested. The molds
were made by plugging one end of a 25 cm section of 1 1/2-inch (3.8 cm) schedule 40 PVC
pipe with a 5 cm long wooden plug. The plug was center drilled to accept a cap well insert
to create a 0.5-inch (1.3 cm) deep cap well for a #8 electric detonator. To suspend the
charge without interfering with the radial expansion of the shock wave. A 24-inch (61 cm)
length of 23-gauge wire was cast through the charge along the central axis of the charge,
labeled as “suspension wire” in Figure 2.
The testing was conducted on a concrete blast pad to facilitate accurate layout of
the pencil probe and charge stands which were anchored to the pad with a turnbuckle. The
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Figure 2. Close up of suspended charge and pencil probe taken from just above the 0°
pencil probe
pencil probes were placed at 0 and 180 degrees in the radial plane surrounding a cylindrical
charge to record overpressure versus time at a scale distance of 23.0 cm/g1/3 (5.8 ft/lbs1/3)
as shown in Figure 3. The camera (Phantom v2012) was set to record the propagation of
the shock wave in 180 degrees of the radial plane of the cylindrical charge with a field of
view of 3.2 by 1.6 m, and a frame rate of 92,000 frames per second as shown in Figure 3.
Overpressure was calculated at a radius of 1.524 m every 15 degrees from 0-180 degrees.
The charge was suspended 60 inches (1.52 m) above the blast pad by attaching the wire
cast along the central axis of the cylinder to two stands that were anchored to the concrete
pad three meters away from each other. Two similar stands held the dual transducer pencil
probes, which were also set 1.5 m off the blast pad and 3.0 meters apart. The blast wave
will reach the concrete pad at the same time it reaches the front transducer in the pencil
probes to eliminate the interference of the ground reflection on the waveform. The firm
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anchoring on a substantial level surface of the concrete blast pad provides a very repeatable
test setup with little movement or adjustment required between iterations.

Figure 3. Annotated image from High-speed video illustrating the 3.2 x 1.6 meter camera
field of view and the position of the pressure transducers used as a fiducial to calibrate
image measurement tools and validate pressure measurements made with the optical
TOA method.
Each of the cylindrical charges was initiated with an electric blasting cap inserted
into the cap well cast into the bottom of the charge. A break wire setup consisting of an
enamel-coated 35 gauge wire looped over the end of the electric cap and connected to the
trigger input of the camera. The trigger output from the camera provides a 5-volt signal to
the DAS that drops to 0 volts when the camera is triggered. For redundancy, the DAS was
set to begin recording if the voltage signal from the on the camera trigger signal out line
drops below 5 volts, or when a pressure spike occurred from one of the pressure
transducers.
If the transducers are equidistant from an isometric shock wave, the time of arrival
of the shock front should be equal. The times of arrivals at the front pressure transducers

75
were 1.215 and 1.223 ms at 0 and 180 degrees, respectively. The 0.008 ms difference
indicates that the transducer radius was within .01 m or about 2 pixels in the image
assuming the blast wave radius was perfectly isometric.
The overpressure at 1.52 m was calculated from the velocity and compared to the
overpressure recorded from the pressure transducers. The average velocity pressure from
four detonations at the transducer radius of 1.52 m is 166.0 ± 1.6 kPa which is within the
deviation range of the overpressure measured with the pressure transducers of 165.0 ± 8.1
kPa indicating that the high-speed imaging TOA method can be used to measure blast wave
overpressure as accurately as pressure transducers for blast wave propagating into ambient
air. Based on the tests and analysis conducted in the validation study, a number of
improvements were identified to the casting and initiating process as well as the optimal
field of view for near field pressure measurements. These changes were implemented in
the geometry study and described in the following section.
2.2. EVALUATION OF BLAST WAVE ANISOTROPY FROM PRISMATIC
CHARGES
An optical TOA method developed to measure blast wave overpressure was
demonstrated to measure overpressure as accurately as modern pressure transducers. The
optical TOA methodology was then used to evaluate pressure surrounding non uniform
explosive charges. A series of tests was performed to measure overpressure at 1.5 and 2.0
meters surrounding 285-gram charges with the same composition as the validation tests.
Prismatic charges with cross-sectional shapes of a rectangle, triangle, and 5-point star were
evaluated and compared to that of a cylinder. For a single comparison pressure point, and
fiducial marker, a pressure transducer was placed at 1.5 m and 2.0 m for each test. To
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accommodate the increased distance from the initiation point up to 2.0 meters, the field of
view for the high speed camera was 2.2 x 2.2 meters and filmed at a frame rate of 80,000
frames per second in order to maintain a similar propagation of error and increase
measurement radius. One quadrant of the explosive detonation products and blast wave
expansion were recorded for each shape, in contrast to the 180 degree window, or two
quadrants, recorded in the validation tests. Two repetitions were conducted for each
geometry, aside from the triangle where two repetitions were tested with the charge
orientated with the point up, and two tested with the point down.
Some changes were made to charge preparation to streamline the process and
potentially improve and standardize explosive output. In order to obtain consistent
crystallization in the Comp-B charges the cylinders and prisms for this series of tests
molten Comp-B was poured into brass molds that were warmed to 60 degrees Celsius and
the filled molds were stored in insulated containers to achieve a consistent solidification
time and result in a consistent crystal structure within the charges. The average density for
all charges was 1.62 ± 0.01 g/cm3.
The cap well and electric detonator were replaced with a surface mounted
exploding bridge wire (EBW) initiator held in place with ethylene vinal acetate adhesive.
The EBW has an increased energy output over that of the electric detonator. The high
voltage signal from the EBW initiation system was picked up by the DAS and assigned as
trigger time for the data recording which provided a consistent t0 for the p(t) waveforms.
The results of this investigation along with conclusions and references are detailed in the
following sections.
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3. RESULTS AND DISCUSSION
Figure 4 is a collage of images to illustrate fireball propagation of the triangle,
rectangle and 5-point star prisms compared to a cylindrical control. The triangle was
recorded from two orientations to capture all of the primary and bridge wave locations.
The images in Figure 4 A & B are single frames from the high-speed videos of each shape
at 0.500 ms following initiation. The individual images in the collage have been mirrored
and rotated about symmetry lines as necessary to position the prismatic fireballs next to the
circle to illustrate relative fireball shape at separation. Separation appears to take place in
a timestep around 0.5 ms after detonation for all the shapes even though the radius of the
fireball from the prismatic charges is non uniform. If the fireball were the only force
governing blast wave overdriving, then all the primary waves would be overdriven with
the highest degree of overdriving coming from the shorter sides of the prisms and from the
inside angle of the star.

Figure 4. A.& B. Images from the high-speed video at 05 ms for all shapes to illustrate
relative fireball size at separation.
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Uncertainty in the optical TOA method is dependent both on the frame rate and the
number of frames used to determine a velocity. To determine an effective number of frames
for use in velocity, and consequently pressure, measurements, the optical TOA method was
used to record radius position versus time r(t) in the near field between 1.3 and 2.1 meters
in 0.05 m increments for 0, 45 and 90 degrees, as shown in Figure 5. Over the 0.8 meter
range in the near field the r(t) data has a best fit line of 0.9963 indicating that the circle
produced a radially isometric blast wave in the near field that decays linearly over this
distance. A 0.35 m span will be used as the change in time for all pressure measurements
using the optical TOA method.

Figure 5. Chart of radius versus time (r(t)) for cylindrical charge measured between 1.3
and 2.1 m.
Using the determined 0.35 m span and Equation 1, a pressure vs radius plot was
made for the cylindrical and 3 prismatic charges to determine a best fit line equation. The
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optical pressure for the circle at 1.5 and 2.0 m calculated from the best fit line equation was
input into the Friedlander equation to model the blast waveform at those radii. These
waveforms in addition to the waveforms recorded form the pressure transducers at the same
radii can be seen in Figure 6. At 1.5 meters the optical overpressure measures slightly
higher, and the decay of the transducer waveform is steeper than the Friedlander curve.
The variation in the p(t) waveforms is considered negligible within the scope of this
investigation, but extending the pressure fit line below 1.5 m towards the charge is not
advised without empirical validation. Extension of the best fit line to 2.0 meters is shown
to correlate well with pressure transducer data as shown by the practically equivalent
waveforms for both pressure transducer and optically derived Friedlander curve at 2.0 m.
Extension of the p(r) fit line equation far beyond 2.0 meters should be validated empirically
prior to application in any safe distance calculations.

Figure 6. p(t) waveforms recorded from transducers and Friedlander curve with peak
pressure from novel optical TOA method
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Figure 7 shows pressures for primary and bridge waves for all charges at a radius
of 1.5 m, derived using the best fit line equation at that orientation and Equation 1. At 1.5
meters in the near field the overpressure surrounding the triangular prism is significantly
higher normal to the sides than from the corners of the charge. Wisotski noted that the
highest overpressure occurred downstream from the orientation with the highest presented
surface area. Because length and cross sectional area were kept constant for the charges
used in this series of tests the length of the sides of the cross sectional shapes would
correlate directly with surface area. The longer side of the triangle was 0.069 m and
produced a peak overpressure of 592.9 kPa. While the pressure is higher than the shorter
side of the triangle, the primary wave from the 0.051 m side of the rectangle produced the
highest overpressure at 1.5 m of 698.5 kPa indicating that while presented surface area
does play a part in blast wave overpressure the number of sides, or the size of the angles at
the corners of the charge may also influence blast wave shaping. This correlation is in
contrast to the visual fireball extents in Figure 4 where the short sides of each shape
extended the furthest. The average pressure for the circle cross section was 200.1 kPa, a 32
kPa increase over the same mass validation tests. This increase was due to the increase in
density over the previous casting method in addition to the higher energy EBW initiator.
Averaging the bridge wave pressures from all charges results in 199.5 kPa which is very
similar to the average for cylinder control. The average pressure for primary waves of nonspherical charges was 437.8 kPa, which is 2.19 times that of the cylinder. Figure 8 is a
chart illustrating p(r) best fit lines for the primary wave peak overpressure from the
rectangle, triangle, and circle. The best fit line for the circle falls from 200.1 kPa down to
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Figure 7. Primary (P) and Bridge (B) wave overpressures at 1.50 m surrounding A. circle,
B. triangle, C. rectangle, and D. star
90.0 kPa between 1.5 and 2.0 m. In the chart legends shown in Figure 8 the best fit lines
are labeled Primary wave Long side (PL), Primary wave Short side (PS), followed by the
cross sectional shape of rectangle, triangle.
The primary waves from the rectangle and triangle are all overdriven in comparison
to the circle at 1.5 m, but the rate of overpressure decay with increasing radius is higher for
all the p(r) lines of the primary waves in relation the circle. At 1.5 m the primary wave
from the shorter side of the rectangle of overdriven by 1.2 x, and the two lines intersect at
1.7 meters The p(r) lines for the other primary waves rapidly approach the p(r) line of the
circle and appear to crossover the p(r) line of the circle shortly beyond 2.0 meters, after
which the overpressure of the primary waves will be underdriven for the remainder of the
near field.
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Figure 8. Pressure versus blast wave radius for cylindrical charges and primary waves
from prisms
The p(r) chart shown in Figure 9 shows the bridge waves from the triangle and
rectangle in reference to the circle. In the legend the lines are labeled as bridge wave (B)
followed by the angle of the corner where the bridge wave originates and concluded with
the cross sectional shape of the charge of circle, rectangle, and triangle. Between 1.5 and
2.0 meters the best fit lines for the bridge waves from the triangle and rectangle are similar
to that of the circle. The bridge wave waveforms trend from slightly lower at 1.5 meters to
slightly higher at 2.0 meters. Within the instrumented range, all three of the bridge wave
p(r) lines cross over the circle and go from underdriven to overdriven. If the primary wave
p(r) lines continue to diverge from the circle beyond 2.0 meters the overpressure of the
bridge waves could be significantly overdriven out to the far field. Further testing is
required to extend the bridge wave trend lines beyond 2.0 m.
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Figure 9. Pressure versus blast wave radius for circle and bridge waves from rectangle
and triangle
The P(r) chart for the star and circle shown in Figure 10 show a trend similar to the
primary waves in that both bridge and primary waves are higher at 1.5 meters but decay
faster with the line from primary wave of the star crossing over the circle at 1.75 meters. It
appears that for more complex geometries such as the star, the benefit of extreme
overdriving of primary waves in the fireball field may come with the added benefit of
decaying below damage thresholds at scaled safe distances near the extent of the near field.
Further empirical testing is required before informing scaled distance safe distance
calculations.
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Figure 10. Pressure versus blast wave radius for circle and star at primary (P) and bridge
(B) orientations
The primary wave from the star produced significant overdriving of primary waves
in the fireball field resulting in the significantly anisotropic radius of detonation products
from the star shown in Figure 11. The fireball field radius extends significantly further
from the interior angles of the star where the primary waves originate. The increased
anisotropy in the radius of the fireball field and the extreme overdriving observed in the
fireball field was theorized to result in higher primary blast wave overpressure in the near
field, at the measured radii primary and bridge waves from the star produced only a
moderate initial pressure magnification that appears to decay below the overpressure of the
circle with only a slight extension of the best fit lines beyond 2.0 meters.
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Figure 11. Fireball from the detonation of a star shaped prism annotated with star to show
relative positions or fireball and charge
The bar graph in Figure 12 shows that the primary waves are overdriven at 1.50 m
and underdriven or trending towards the crossover point at 2.00 m, indicating that the
initially primary waves would be underdriven at the scaled distance safe radius. The bridge
waves show an opposite trend of becoming more overdriven with increasing radius
indicating that the bridge wave regions may be overdriven when they reach the scaled
distance safe standoff radius. For the star both the bridge and primary waves become more
underdriven with increasing radius indicating that both primary and bridge waves from the
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star will be underdriven at the scaled distance safe standoff radius. The star demonstrated
the highest degree of overdriving as measured at the explosive boundary with the modified
plate dent test [20] but will be underdriven at scaled distance safe radius indicating that
under some conditions blast wave overdriving can be used to significantly increase work
output in the fireball field with the potential benefit of reduced overpressure at scaled
distance safe radii.

Figure 12. Bar graph of pressure ratios (pp/pc) for all shapes at 1.50 and 2.00 m
4. CONCLUSIONS
Using a validated optical TOA pressure measurement system, various prismatic
charges were evaluated to determine the level of anisotropic blast wave effects. Maximum
overpressure was shown to correlate with presented surface area within the same charge.
Longer sides of the triangles and rectangles produced higher overpressures than the shorter
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sides of the same shapes. The triangle had the greatest presented surface area of the charges
tested but the rectangle produced the highest measured peak pressure at 698.5 kPa with a
pressure overdrive ratio of 3.5 compared to the cylinder. This deviation from Wisotski’s
observation indicates that while presented surface area is a strong predictor of blast wave
overdriving in the near field, the angles at the corners of the sides also plays a significant
role.
The primary waves all appeared to enter the near field overdriven, but decay faster
than the circle resulting in potential under driving at the near/far field boundary. The bridge
waves all crossover from underdriven to overdriven within the 0.5 m instrumented range
for this investigation. If these trends continue to the far field, scaled distance derived safe
standoff distance would be satisfactory for primary waves, but the bridge waves may be
overdriven at the near/far field boundary potentially resulting in overpressures beyond
known damage thresholds.
In the measured range of the near field, the star primary and bridge waves are both
overdriven by 1.3 at 1.50 m. By the time the blast wave reaches 2.00 m the pressure ratios
have fallen to 0.5 for the primary wave and 1.2 for the bridge wave from the star. If the
best fit lines are extended beyond the data to 2.2 m both primary and bridge waves are
underdriven. Empirical validation is required to extend the best fit lines beyond the data,
but the novel optical TOA method has been demonstrated as a powerful tool for accurately
measuring blast wave overpressure along a radial line and at multiple orientations. The
trend in the data indicates that charge geometry could be used to significantly increase
work done within the fireball field and into the near field potentially without increasing
overpressure at standoff radii deemed safe with current scaled distance calculations.

88
REFERENCES
[1]

X. Q. Zhou and H. Hao, "Mesoscale modelling and analysis of damage and
fragmentation of concrete slab under contact detonation," International Journal of
Impact Engineering, vol. 36, no. 12, pp. 1315-1326, 2009, doi:
10.1016/j.ijimpeng.2009.02.010.

[2]

D. J. Whelan and G. Bocksteiner, "Velocity of detonation, charge diameter and
critical diameter in unconfined RDX-driven heterogeneous explosives," Journal of
Energetic Materials, vol. 13, no. 1-2, pp. 15-34, 1995, doi:
10.1080/07370659508019342.

[3]

K. A. Ten, O. V. Evdokov, and I. L. Zhogin, "Density Distributionat the Detonation
Front of Cylindrical Charges of Small Diameter," Combustion , Explosion, and
Shock Waves, vol. 43, pp. 204-211, 2007.

[4]

I. Sochet, D. Gardebas, S. Calderara, Y. Marchal, and B. Longuet, "Blast Wave
Parameters for Spherical Explosives Detonation in Free Air," Open Journal of
Safety Science and Technology, vol. 01, no. 02, pp. 31-42, 2011, doi:
10.4236/ojsst.2011.12004.

[5]

M. J. Murphy and S. A. Clarke, "Ultra-High-Speed Imaging for Explosive-Driven
Shocks in Transparent Media," in Dynamic Behavior of Materials, Volume 1:
Proceedings of the 2012 Annual Conference on Experimental and Applied
Mechanics, V. Chalivendra, B. Song, and D. Casem Eds. New York, NY: Springer
New York, 2013, pp. 425-432.

[6]

C. E. Needham, "Blast Waves Second Edition," p. 53, 2016.

[7]

M. A. Cook, "Fundamental Principles of Wave Shaping," in Detonation Wave
Shaping, Jet Propulsion Laboratory, California Institute of Technology, Pasedana,
CA, 1956.

[8]

F. Zhang, Shock Waves Science and Technology Library, Vol. 6. 2012.

[9]

G. S. Settles, "High-Speed Imaging of Shock Waves, Explosions and Gunshots,"
American Scientist, vol. 94, pp. 22-31, 2006.

[10]

R. J. Seeger and H. Polachek, "On Shock‐Wave Phenomena: Waterlike
Substances," J. Appl. Phys., vol. 22, no. 5, pp. 640-654, 1951, doi:
10.1063/1.1700022.

[11]

C. Mellor, H. R. James, and M. J. Goff, "A computational exploration of the
differences between prompt and bow shock initiation of explosives by shaped
charge jets," pp. 287-290, 2012, doi: 10.1063/1.3686275.

89
[12]

P. O. K. Krehl, History of Shock Waves, Explosions and Impact. springer, 2009.

[13]

G. F. Kinney, K. J. Graham, and R. Raspet, "Explosive Shocks in Air, 2nd ed. by
Gilbert F. Kinney and Kenneth J. Graham," The Journal of the Acoustical Society
of America, vol. 80, no. 2, pp. 708-708, 1986, doi: 10.1121/1.394030.

[14]

P. M. Giannuzzi, M. J. Hargather, and G. C. Doig, "Explosive-driven shock wave
and vortex ring interaction with a propane flame," Shock Waves, vol. 26, no. 6, pp.
851-857, 2016, doi: 10.1007/s00193-016-0627-2.

[15]

J. W. Forbes, Shock Wave Compression of Condensed Matter (Shock Wave and
High Pressure Phenomena). Springer, 2012.

[16]

P. D. Asimow, "Shock compression of preheated silicate liquids: Apparent
universality of increasing Grüneisen parameter upon compression," pp. 887-890,
2012, doi: 10.1063/1.3686420.

[17]

P. W. Cooper, Explosives Engineering. Wiley-VCH, Inc., 1996.

[18]

J. S. Wisotski, W. H., "Characteristics of blast waves obtained from cylindrical high
explosive charges," Denver Research Institiue, 1965.

[19]

W. E. Baker, J. J. Kulesz, P. S. Westine, P. A. Cox, and J. S. Wilbeck, "A Manual
for the Prediction of Blast and Fragment Loadings on Structures," Southwest
Research Inst, San Antonio, TX, 1981.

[20]

K. Williams, "Investigating Anisotropic Blast Wave Parameters Near the
Explosive-air Boundary Using Computer Simulation and Experimental Techniques
with Varying Charge Geometry," In Review with Journal of Applied Physics, 2021.

[21]

M. Swisdak, "Explosion Effects and Properties Part 1 - Explosions in Air," Naval
Surface Weapons Center, Silver Spring, 1975.

[22]

(1982). Blast Effects From Cylindrical Explosive Charges.

[23]

R. G. Stoner and W. Bleakney, "Erratum: The Attenuation of Spherical Shock
Waves in Air," J. Appl. Phys., vol. 19, no. 12, pp. 1129-1129, 1948, doi:
10.1063/1.1715031.

[24]

R. G. Stoner and W. Bleakney, "The Attenuation of Spherical Shock Waves in Air,"
J. Appl. Phys., vol. 19, no. 7, pp. 670-678, 1948, doi: 10.1063/1.1698189.

[25]

"<Impact, Penetration, and Perforation of a Bonded CFRP Composite Panel by a
High Velocity Steel Sphere - an Experimental Study.pdf>."

[26]

M. Holt, "The Initial Behaviour of a Spherical Explosion. II. Application to PETN
Charges in Air and Water," Proceedings of the Royal Society of London, vol. 234,
pp. 110-115, 1956.

90
[27]

H. J. Goodman, "Compiled Free Air Blast Data on Bare Spherical Pentolite," 1960.

[28]

M. Swisdak, "Explosion effects and properties part 1- explosions effects in air,"
White Lake Laboratory, 1975.

[29]

P. C. Souers, L. Lauderbach, K. Moua, and R. Garza, "Size effect and cylinder test
on several commercial explosives," pp. 343-346, 2012, doi: 10.1063/1.3686289.

[30]

S. E. Rigby, C. Osborne, G. S. Langdon, S. B. Cooke, and D. J. Pope, "Spherical
equivalence of cylindrical explosives: Effect of charge shape on deflection of blastloaded plates," International Journal of Impact Engineering, 2021, doi:
10.1016/j.ijimpeng.2021.103892.

[31]

J. P. Lu, J. G. Anderson, and F. C. Christo, "Detonation Modelling of High
Explosive Cylinders," Defence Science and Technology Organisation, Australia,
2005.

[32]

C. Knock, N. Davies, and T. Reeves, "Predicting Blast Waves from the Axial
Direction of a Cylindrical Charge," Propellants, Explosives, Pyrotechnics, vol. 40,
no. 2, pp. 169-179, 2015, doi: 10.1002/prep.201300188.

[33]

C. Knock and N. Davies, "Blast waves from cylindrical charges," Shock Waves,
vol. 23, pp. 337-343, 2013.

[34]

C. Knock and N. Davies, "Predicting the Impulse from the Curved Surface of
Detonating Cylindrical Charges," Propellants, Explosives, Pyrotechnics, vol. 36,
no. 2, pp. 105-109, 2011, doi: 10.1002/prep.201000002.

[35]

C. Knock and N. Davies, "Predicting the Peak Pressure from the Curved Surface of
Detonating Cylindrical Charges," Propellants, Explosives, Pyrotechnics, vol. 36,
no. 3, pp. 203-209, 2011, doi: 10.1002/prep.201000001.

[36]

G. Katselis and J. G. Anderson, "Estimation of Blast Overpressure From a
Cylindrical Charge From a Cylindrical Charge Using Time of Arrival Sensors,"
presented at the 14th Australasian Fluid Mechanics Conference, Adelaide,
Australia, 2001.

[37]

Y. Fan, L. Chen, Q. Fang, and H. B. Xiang, "Influence of Detonation Point on Blast
Loads Induced With Cylindrical Charges," in Easec16, (Lecture Notes in Civil
Engineering, 2021, ch. Chapter 71, pp. 749-757.

[38]

E. D. Esparza, "Spherical equivalency of cylindrical charges in free-air," presented
at the 25th Department of Defense Explosives Safety Seminar, Anaheim, CA, 1992.

[39]

S. Bradley, "Effect of end shape on blast from cylindrical charges," The Journal of
the Institute of Explosives Engineers, pp. 28-33, March 2014.

91
[40]

K. Williams, M. J. Langenderfer, G. Olbricht, and C. E. Johnson, "Blast Wave
Shaping by Altering Cross‐Sectional Shape," Propellants, Explosives,
Pyrotechnics, pp. 926-934, 2021, doi: 10.1002/prep.202000283.

[41]

K. Williams, C. Johnson, M. Langenderfer, and P. Mulligan, "Effect of Explosive
Charge Geometry on Shock Wave Propagation," in International Society of
Explosives Engineers Annual Conference on Explosives and Blasting Technique,
San Antonio, TX, 2018.

[42]

M. Langenderfer, K. Williams, A. Douglas, B. Rutter, and C. E. Johnson, "An
evaluation of measured and predicted air blast parameters from partially confined
blast waves," Shock Waves, vol. 31, no. 2, pp. 175-192, 2021-03-01 2021, doi:
10.1007/s00193-021-00993-0.

92
SECTION
3. CONCLUSIONS AND RECOMMENDATIONS
3.1. CONCLUSIONS
The objective of this Ph.D. research was to examine the propagation of an
explosively generated shock wave at the explosive air boundary and how it propagates into
the near field for non-spherical geometries. Specifically, this series of tests:
1. Demonstrated significant anisotropy in blast wave overpressure for charge
geometries beyond cylindrical, which had not been evaluated in the literature until
now and identified limitations with instrumentation methods to quantify
measurements.
2. Used computer simulation and a novel interpretation of plate dent tests to
investigate the distribution of energy and the initial overdriving of the blast wave
in the fireball field. These methods were used to investigate reaction zone jetting as
the driver for anisotropy in blast wave radius and peak overpressure. One repetition
of each shape was performed which is consistent with the historical use of the plate
dent test.
3. Developed and validated a novel optical time of arrival method to measure blast
wave overpressure with a high-speed video camera. The overpressure measured by
the camera was validated with pressure transducers.
4. Instrumented one quadrant in the radial plane of cylindrical and prismatic charges
with a high-speed camera to measure blast wave overpressure in the near field
between 1.50 and 2.0 meters. Pressure versus radius charts for the varying geometry
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illustrate the initial overdriving and steeper decay of the primary waves from the
sides of the prismatic charges relative to the cylindrical charges. The bridge waves
become more overdriven with distance resulting in potentially hazardous blast
wave overpressure at K-18 safe distance radius, but the best fit lines should not be
extended without empirical validation. The star produced significant overdriving in
the fireball field that did not carry into the near field. Exceeding the speed of sound
is expensive from an energy standpoint, so the more overdriven the blast wave is
initially the steeper the decay rate is. The accuracy of the optical time of arrival
method was validated with pressure transducer data from four repetitions of a
cylindrical charge as detailed in the methodology section of Paper three. With the
accuracy and repeatability of the method demonstrated, the overpressure
measurements for the investigation of cylindrical and prismatic charges were done
with two repetitions. The best fit lines for the position versus time and overpressure
versus radius had an R2 values greater than 0.99 and 0.90 respectively indicating
that the data is representative of the actual overpressure. Repetitions should be
performed with increased charge masses and at increased scaled distances before
the data is used to inform K-factor scaling.
The goal of this PhD project was to further quantify the effect of altering charge
geometry on the explosively generated shockwave and investigate the mechanisms driving
blast wave anisotropy. This goal has been accomplished as detailed in Papers I, II, and III
that are in advancing stages of peer reviewed publication.
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3.2. RECOMMENDATIONS
The following areas are recommended for future works.
1. Schlieren studies: A more exhaustive series of tests designed to examine the collision
of two blast waves to determine if reflection or superposition occurs?
2. Modified Plate Dent Tests: More dent tests to further quantify dent rim displacement
measurements for the cylinder and prismatic charges.
3. High-Speed Video: Adjust lighting to enable the measurement of velocity of the
attached blast wave front and fireball throughout the fireball field to better quantify
blast wave overdriving.
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